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O" SIMPOSIO sobre Novas Tecnicas de Pesquisa em Fisica" Joi
promovido pela Academia Brasleira de Cientias em colaboracao
com o " Centro de Cooperation Cientifica para America Latina" da
UNESCO e sob os auspicios do Conseho National de Pesquisas do
Brasl. Foi sen objetiro promover uma oportunidade para que fisicos
do Brasl e de varios paisess da America Latina entrassem em cantata
pessoal com alguns colegas da Europa e dos Estados Unidos da Ame
rica do Norte. As reunifies cientificas tireram lugar no Rio de Janeiro
e em Sao Paulo durante as duas semanas de 15 a 29 de julho de 1952
Foram apresentadas e discutidas as memdrias enjeixadas no presente
volume. A esta Academia coube a tarefa de convidar os fisicos norte-
americanos e europcus, Organizar e supertisonar o0 programa geral
das reunices cientificas e das visitas a laboratorios e institutos e diri-
gir o trabalho de impressdo do presente volume. Coube ao "Centra de
Cooperation ~ Cientifica para America Latina" da UNESCO, convidar
os fisicos latino-americanos,  supervisionar o trabalho de registro das
discussdes e contribuir financeirumente para a realizacao do Smposo.
Os membros do Smposo foram hospedes da Universidade de Sao
Paulo, que coordenou a parte das reunifies cientijicas realizadas em
suas dependencias naquela cidade. O  Conselho National de Pesquisas
do Brasil conceded uma substanriul ajuda financeira, sent a qual teria
sdo impossivel dar a essas reunioes a amplitude de que se revestiram.

Desgamos ex pressor nesta oportunidade os nossos profundos agra-
decimentos a todos quantos cooperaram com a Academia para 0 exito
desta reuniao cientifica  international.

ARTHUR MOSES
J. COSTA RIBEIRO
J. LETTE LOPES
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NTRE las diversas actividades del Centro de Cooperation Cientifica

para America Latina de la UNESCO se encuentra la de or-
ganizar Reuniones Cientificas internationales que contribuyan a poner
a punto e estudio de tierlos problemas de actuaiidad.

Durante el periodo de los 4 anos ultimos, e Centro ha organizado
una serie de Symposia, sobre temas muy digtintos.

El primero sobre "Biologin Marina" se celebré en Vina del Mar
(Chile) y fue sequi da del que sobre "Biologia Andina" tuvo lugar en
Lima en 1949. En noviembre de 1950 se celebrd en Montevideo e des-
tinado a, estudiar los "Problemas fundamentales de estrudura y fisio-
logia celular".  Un aho més larde los mds destacados espetialistas la-
tinoamericanos en "Farmacoboténiai” jueron congregados por e Centro
de Montevideo en Lima yen ditiembre de 1951 sc reunieron en Puntu
del Este (Uruguay) un grupo de matemdticos destacados de Ibero-Ame-
rica para discutir acerca de "Algunos problemas matemdticos que se
estan estudiando en Latino America’.

Todos estos Symposia hau sido organizados por e Centro de Coo-
peration Cientifica para America Latina de la UNESCO en intima
colaboracion con Organismos o Ingtituciones del Pais donde se celebrd
la Reunion.

En este volumen se rennen los trabajos y discusiones del Sym-
posium sobre "Nuevas Tecnicas de Investigacion en Fisica" celebrado
en Rio de Janeiro y Sao Paulo en julio de 1952.

No hubiese sido posible su Organization sin contar con la eficiente
colaboracion de la Academia Brasileira de Ciencias y del Conseho Na-
tional de Pesquisas. El apoyo moral y materiell de estos dos grandes
Organismos brasilehos, hizo posible sin duda e exito cientifica de la
Reunion.

El Centro de Cooperation Cientifica para America Latina de la
UNESCO quiere dejar expresa conslancia de su agradetimiento a esos
Organismos asi conto a la Universidad de Sao Paulo que contribuy6
a realzar las reuniones del Symposium aportdndole su ayuda moral
y material.

A. ESTABLIER
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Meson Research with the Chicago Synchrocyclotron*

HERBERT L. ANDERSON

Institute for Nuclear Studies, University of Chicago, Chicago, 1Il., U.S.A.

The 170" synchrocyclotron at the University of Chicago accelerates
protons to an energy of 450 Mev. When this internal beam of protons strikes
a beryllium target, pions (7 — mesons) are emitted in large numbers. Negative
pions emitted in the forward direction are deflected outward by the magnetic
field of the cyclotron and emerge from the vacuum chamber through a thin
aluminum window. The cyclotron field separates the pions according to their
energy by deflecting those of lower energy more; those of higher energy less.
A certain amount of focusing takes place in the fringing field of the cyclotron
such that a sizeable fraction of the mesons of given momentum leave the cyclotron
in a fairly parallel beam. Channels were cut in the 12 foot thick steel and
concrete shield which separates the cyclotron from the experimental room so
that a number of these beams having different energies are available in the
experiment room.

Since much stray radiation, mostly fast neutrons, come through the
channels from the cyclotron, a sector magnet is used to deflect the pions through
an angle of about 45°, thereby purifying the beam from the unwanted radiation.
Muons and electrons having the same momentum and sign as the pions remain
in the deflected beam. The muons amount to about 8%. The electrons are
present in negligible numbers for the beams above 100 Mev. Below this energy
the electron contamination increases rapidly. For this reason low energy

Fig. 1. Cross-sectional view of cyclotron pit showing shielding arrangement.

' Research supported by a joint program of the ONR and AEC.
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measurements have been taken by reducing, with a beryllium absorber, the
energy of the 122 Mev beam.

Positive pions are obtained by reversing the direction of both the
cyclotron and the deflection magnet field. The proton beam in the cyclotron
then circulates counterclockwise. The positive pions which are emitted backward
from this direction follow the same trajectories and have the same energy as
their negative counterparts. The backward emission is unfavorable and the
intensity of the positive pions which is obtained in this way is much smaller
than that of the negatives.

The intensities are strongly energy dependent. This is due not only
to the distribution in energy of the pions which are produced in the target, but
also to the peculiar properties of the fringing field of the cyclotron as a
spectrometer. The most efficient focusing occurs for pion energies near 120
Mev, and since this energy is close to the maximum for the emission of min
the forward direction, the most intense 7 beam is that which emerges through
the 122 Mev channel. The normal intensity of this beam is about 1000 per
cm’ per second. A 50 cm’ area (2" X 4") is available in which the energy spread
is about £ 3 Mev. Then  beam in the same channel has an intensity which is
about 1/30 of this. Beams of m mesons of usable intensity have been obtained
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Fig. 2. Experimental arrangement.

from 60 to 227 Mev. The TT" beams used so far have energies from 60 to 175 Mev
The mesons are usually obtained using a beryllium target 2" long in the beam
direction %" thick and %' high. The target is provided with a thermocouple
arrangement so that the energy dissipated by the beam traversing it is recorded.
Normal operation is with 15 watts developed in the target. From this it can
be deduced that the proton current has a time average value of 1 p aand that
about 4 X 10™ mesons are produced per second in the target.

Scintillation counters are used to detect the mesons. In particular,
liquid scintillators in lucite cells have proven most satisfactory. These can
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be made with large areas of quite uniform sensitivity. The speed is quite high
(~ 6 X 10° seconds). The use of low density and low Z materials makes the
absorption and scattering of pions in them tolerably small. The design of a
2" scintillation cell is shown in Figure 3. The cell is made of clear Incite 3/4"
thick overall with 1/16" thick Incite windows. The liquid is phenylcyclohexane
with 3 grams per liter of terphenyl and 10 mg per liter of diphenylhexatriene
according to the prescription. (KALLMAN & FURST, 1951). The end of the lucite
cell is shaped to fit the photocathode of a 5819 tube and good optical contact
is assured by a thin layer of clear silicone grease. The whole cell is wrapped
in thin aluminum foil which enhances the light collecting efficiency. Phototube
and scintillation cell are light proofed with black Scotch electric tape. A mu
metal shield is necessary to protect the photomultiplier from the stray magnetic
field of the cyclotron.

The 4" diameter scintillators are shown in Figure 3. They ae 1"
thick overall with 1/16" thick lucite windows. The ends of the lucite cell are
shaped to fit the large cylindrical photocathode of the RCA C-7157
photomultiplier. The lucite cell is wrapped in thin aluminum foil and the whole
assembly mounted inside a steel box for magnetic shielding.

1
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Fig. 3. Two-inch diameter scintillation counters.

For transmission measurements four scintillators are arranged in line
as in Figure 2. Coincidence circuits are arranged to record the quadruple
coincidences produced when an ionizing particle penetrates all four scintillators
and aso the double coincidence when the particle traversed the first pair. Thus,
the ratio Q/D of quadruples to doubles is the fraction of particles which penetrate
the last pair of scintillators after having passed through the first pair.
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An absorber placed in front of the second pair of scintillators removes pions from
the beam with the result that the ratio, quadruples to doubles, is reduced.
Comparison of thisratio with and without absorber is expressed as a cross-section
by means of the formula

Qi with absorber
Q10 without absorber

where N is the number of atoms per cm? in the absorber and is the cross-section
incm".

The last pair of scintillators are made purposefully large, and the
absorbers placed as close to them as possible so as to minimize the effects of
multiple coulomb scattering and small angle diffraction scattering.

=exp (— No}

Loy

\

N
. N

1] F1]
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L2 [} ¥ LT 1]

10 40
GM'SACME cu

Fig. 4. Itanpe curve of =+ in eopper.

With such an arrangement the range curve shown in Figure 1 was
obtained. Copper absorbers were placed in front of counters # 3 and # 4 and
the resulting absorption curve plotted logarithmically. This curve taken with
positive pions from the 145 Mev channel shows two sharp drops. The first
is at the range of the positive pions and the second is at the range of the positive
muons that contaminate the beam. The energy of the mesons obtained from
this range curve, taking into account energy losses in the scintillators and windows
was 123 Mev for the pions and 145 Mev for the muons.

The slow muons which remain when sufficient copper is in place to
absorb all the pions have been used by FRY (1952), to study p produced stars
in photographic emulsions.
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Of 10,000 #= endings studied, 3900 showed the electron typical of
the u — e decay. Most of the remaining were stops without tracks, presumably
due to p~+ p—n + v in the high Z elements of the emulsion. There were 240
tracks with 1 prong (proton emission) and about 7 in which a proton or deuteron
and two alphas were emitted consistent with =4 €' — 2 He* + d + 2Zn.

Transmission measurements were carried out (MARTIN, ANDERSON
& YODH, 1952) to obtain the nuclear cross-sections for negative pions of energy
109 and 133 Mev. It was found that the cross-sections, absorption + inelastic
scattering, have the geometric value A** (hfuc)® independent of energy in this
range.

A
WML CANT fw tm Y

b MmtLLgn EountiAk

LKAMD rsmeie i

o ORTLLATEN Lo atAL

Fig. 5 General experimental arrangement. In the inset the details of the scattering
geometry are given.

Transmission measurements with liquid hydrogen were carried out
using negative pions (ANDERSON, FERMI, LONG, MARTIN & NAGLE, 1952) of
energies from 89 to 217 Mev and adso with positive pions (ANDERSON, FERMI,
LONG & NAGLE, 1952) over the energy range from 50 to 130 Mev. The results
are shown in Figure 0. For negative pions above 135 Mev the cross-section of
hydrogen is close to the geometric value = {kiue)* Below this energy, however,
the cross-section falls rapidly. This indicates the importance of the p state in
the pion-proton interaction. The cross-section with positive pions was found
to be several times that with the negatives. This surprising result finds
an explanation if the idea that the isotopic spin is a good quantum number is
taken seriously. Thus, if the dominant interaction were through states of the
pion-proton system of isotopic spin 3/2, the ratio of the positive to the negative
cross-section would be 3.
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A more detailed study was made by examining the angular distribution
of the scattering from liquid hydrogen using both positive and negative pions,
(FERMI, ANDERSON & NAGLE, 1952). The arrangement used is shown in Figure 5.
For positive pions only the elastic scattering represented by

4Pty p (1}

was considered possible.  With negative pions three procosses are helieved possible

-+ P—>r+ P (2
xF P—r + N 24+ N 3
Py + N (&3]

Equation (2) represents the elastic scattering of negative pions and
protons. Equation (3) represents scattering with charge exchange, in which
the proton is converted to a neutron and the negative pion is converted

1 O

?
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o —
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Fig. 6 Total cross-sections of negative pionsin hydrogen (sides of the

rectangle represent the error) and positive pions in hydrogen (arms of

the cross represent the error). The cross-hatched rectangle is the Co-

lumbia result. The black square is the Brookhaven result and docs not
include the charge exchange contribution.

to a neutral pion which almost immediately disintegrates into two photons.
Equation (4) is the inverse reaction of the photo-effect in which a photon produces
a negative pion by striking a neutron. The cross-section of this last process
was estimated by detailed balancing from the inverse process (BISHOP,
STEINBERGER & COOK, 1951; FELD, FRISCH, LEBOW, OSBORNE & CLARK, 195
to be only about 0.8 X 10~* cm?

The sensitivity of the pair of counters # 3 and # 4 to photons produced
in the scattering process is normally rather low. However, it can be increased
very appreciably by interposing in front of counter # 3 alead sheet to convert
the gamma rays into electron-positron pairs which the counters detect. For
this reason, with ==, four measurements were taken at each angle. Measurements
of the ratio Q/D with and without liquid hydrogen in the scattering chamber,
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and with and without aa %" thick lead radiator in front of counter # 3, were made.
The difference with and without liquid hydrogen gave the net effect due to the
hydrogen.

The differential cross-sections in the center of gravity system are given
in Figure 7. These are for pions of energy (in the laboratory system) of 135 Mev.
The predominance of the charge exchange scattering over elastic scattering for
negative pions is striking. There is a pronounced backward scattering of the
=% and aso for the == in charge exchange. However, the elastic scattering of
= is fairly isotropic.

A phase shift analysis was carried out on the assumption that the
scattering is mainly due to states of isotonic spins 3/2 and 12 and angular momenta
By, Pr2 and pya. The experimental results ara represented quite well at
135 Mev (solid eurves) by the phase angles + 26°, F 11° and § 37° for isotopie
spin 3/2; + 1% + 20" and £ 2" for isotopic spin la.

3o
r »
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[ 2
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¥
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T Y y Y Voo 150 140
[- 30 L] ua X

Fig. 7. Cross-sections in the center of mass system at 135
Mev. The three curves have been computed from six phase
shift angles.

The success of the attempt to represent the nine experimental data with
six phase shifts is a demonstration of the fruitfulness of regarding the isotopic
spin as a good quantum number. Such a demonstration would be more
meaningful if the experimental error were smaller.
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The dominance of the p-state in the pion-nucleon interaction is shown
especially for isotopic spins 3/2. However, the existence of an important interaction
for isotopic spin 1/2 is aso exhibited. The interaction in s-states seems to be
responsible for the prominence of the backward scattering.
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DISCUSSION

WIGNER: The cross section for the scattering of negative pions seemsto be remarkably
high. | am wondering whether it is necessary to assume a phase shift in high angular momentum
states. Have you made a phase shift analysis?

ANDERSON: NO. The angular distribution measurement has so far been made at
135 and to some extent at 110 Mev. Now, it is true that even that energy may be considered
a little bit high to exclude the D states which might enter. But we have hopes for the sake
of simplicity that this would not be the case.



Sobre la Relation entre la Radiacion Electromagnetica y la
Radiacidn Cosmica Emitidas por € Sol

MANUEL SANDOVAL VALLARTA

Institute National de la | nvestigacidn Cientifica y Universidad de Mexico, Mexico, D.F., Mexico

Es bicn sabido, a consecucncia do las observaciones de Forbush confirma-
das por otros ffsicos, que, por una parte, en ciertas raras ocasones y asociada eon
las grandes erupeiones solarcs, la intensidad de la radiacidn cosmiea aumenta
hast a el doble de su valor normal. Este aumento se observa on la Tierra alatitudes
geomagneticas moderadas y altas poro no cerca del couador. Por otra parte,
sieinpre o cas siempre que aparecen manehas en la superficie del Sol hay un au-
mento muy considerable en laintensidad do laradiacidn electromagnetica que viene
directamente del astro. Este aumento se percibe principalmente en la region de
longitudes de onda de algunos eentimetros y de algunos metros. Nos proponemos
dar aqui una teoria de estos dos fendmenos.

El primer elemento quo interviene en la teoria es el campo magn&ico
permanente del Sol. Hay gran incertidumbro sobre si, a semejanza de la Tierra,
nuestra estrella mas vecina posee un campo magnetico permanente y las obser-
vaciones de que se dispone son en gran parte contradiotorias. Estas observaciones
son de dos clases. las que se refieren alaradiacidn cosmieay las quo tienen que ver
con el corrimiento Zeoman de las rayas espectrales emitidas en la superficie del
Sol. En efecto. los numerosos trabajos tedricos realizados hasta hoy por Janossy,
Epstein, Vallartay Godart y mas reciontemente por Dwight indicam que la exk-
tencia de un campo magnetico permanente del Sol tiene numerosas consecuencias,
cas todas de magnitud observable, sobre la intensidad de la radiacion cosmiea.
El mas notable, en primer lugar, es que las particulas cargadas de baja energia se
ven imposibilitadas para llegar ala Tierra. Como resultado, la intensidad de la
radiacion cosmiea tiene que permanecer constante a partir de una cierta latitud
geomagnetica. En segundo lugar, tienen que aparecer variaciones periddicas de
laintensidad, de las cuaes la mas notable es |la variacidn diurna, y ademas varia-
ciones mensuales, semestrales y anuales que deberian ser observables sobre todo a
gran altura sobre el nivel del mar y a altas latitudes. Los experimentos realizados
hasta ahora son en parte contradictorios pero en general arrojan un resultado
negativo. Lo mismo pasa con €l corrimiento Zoeman de las rayas espectrales.
Sin embargo, hay que tener en cuenta que estos ultimos experimentos son de indole
muy delicada, ya que se trata de medir un efecto muy pequeno a que estan
superpuestos otros efectos espureos mayores o iguales a buscado.

Los experimentos anteriores a la segunda guerra mundial colocaban la
"rodilla" del efecto de latitud de la radiacidn edsmica a 52° de latitud geomagne-
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tica, lo cual conduce a un valor del momento del dipolo magnetico solar de 10*
gauss-cm® y a un campo magnetico en el ecuador del Sol de aproximadamente 30
gauss. Este valor esta de acuerdo con el encontrado por Hale y sus colaboradores
y basado en el corrimiento Zeeman de las rayas espectrales en el Sol. Con este
valor del dipolo magnetico solar se puede calcular que a 55° de latitud geomagn6é-
tica deberia haber un efecto diurno de mas de 5%. Los experimentos recientes
estan en desacuerdo sobre la existencia real de la "rodilla" y, si existe, sobre su
latitud y no han revelado con seguridad ningiin efecto diurno. Por otra parte,
los experimentos recientes de Thyssen y Babcock sobre corrimiento Zeeman de
las rayas solares arrojan como resultado que si hay en realidad un campo magnetico
tiene que ser inferior a 2 gauss. En resumen no hay seguridad sobre el valor del
campo magnetico general permanente ni siquiera sobre su existencia real. Las
consideraciones que exponemos a continuation, sin embargo, son independientes
del valor de dicho campo. Podria ser 100 veces inferior a citado mas arriba sin
afectarlas.

El segundo elemento que interviene en la teorfa es el campo magnetico
local de las manchas solares. Sobre este se pueden hacer afirmaciones mucho mas
seguras que sobre el campo general. Se sabe con seguridad, primero, que las
manchas van acompanadas de un campo magnetico cuyo valor maxirno es del
orden de magnitud de varies millares de gauss, segundo, que aumonta gradual -
mente a principioy disminuye poco a poco a fin de lavida de la mancha, conser-
vando un valor constants durante mas de la mitad de dicha vida; tercero, que las
manchas siempre aparecen a latitudes solares moderadas y en pares de polaridad
opuesta. No se conoce con precision la ley de variation del campo en funcion
del tiempo ni se sabe nada sobre como varfaen el espacio en funcion de ladistancia
al ge de la mancha. A distancias suficientemente grandes del par de manchas y
como consecuencia de teoremas generales de la teorfa del potential el campo
magnetico de dicho par es e de un dipolo.

El tercer elemento que interviene en la teoria es la existencia de una alta
densidad de carga libre en la atmosfera solar. Esta carga libre, formada por elec-
trones, protones y iones en diversos grados de ionization, es de densidad muy
elevada, posiblemente hasta 10* cargas elementales por centimetro cubico y su
existencia esta asegurada por numerosas observaciones sobre las que no insisti-
remos aqui.

Pasamos ahora a exponer a grandes rasgos la teoria.  Puesto que el campo
magnetico de una mancha varfa con el tiempo, hay una fuerza electromotriz dada
por laley de Faraday que actua sobre toda particulacargada que se encuentre en el
campo y la pone en movimiento. Suponiendo que la variacion con el tiempo se
nge por la curva de Cowling y que el campo varfa en el espacio inversamente con
la distancia del ge de la mancha, hemos estudiado por integration numerica las
cSrhitas que describe una partfcula cargada durante el tiempo de la aceleracion.
Como los exponentes caracterfsticos de Poincare son positives, €l movimiento es
inestable tanto en la direction radial como en laaxial y latrayectoria se separa
rapidamente tanto del piano como del gje delamancha. Con los valores numericos
correspondientes a manchas observadas resulta que un proton, por gjemplo, puede
adquirir energfas hasta de 6 Bev. Naturalmente que este processo de aceleracion
se aplica a todas las partfculas cargadas que esten presentes en el campo magnetico.
electrones, protones, iones 0 nucleos desnudos.
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Esto nos lleva a discutir brevemente una objecirin hecha por Alfven, y
repetida despues por Kiepenheucr y otros astrofisicos. Consiste en afirmar que,
debido a la alta densidad de carga, el generador mencionado arriba, que nosotros
hemos bautizado con el nombre de "cignatron”, esta de hecho en corto circuito
y el proeeso no puede en realidad seguir adelante. Esta aseveracirin parece fun-
darse en un error. Un generador elcctromagnetico, en efecto, esta en corto cir-
cuito y muere sicmpre y cuando no hay suficiente energia disponible en el sistema
para mantener el campo magnetico variable. Pero este no es el caso para las
manchas solares. Un calculo sencillo revela, en efecto, que la energia disponible
supera por un factor muy grande que puede |legar hasta 10°—10° a la energia ne-
cesaria para acelerar todas las particulas libres que se encucntran alli. La objecidn
de Alfven, en consecuencia, carece de validez.

Hemos mencionado que las manchas solares se presentan a latitudes
solares moderadas. Si el Sol tiene un campo magnetico general permanent®©,
cualquiera que sea su valor dentro de ciertos limites no excluidos todavia por el
experimento, entonces precisamente en dichas latitudes se encuentran las regiones
prohibidas de Stormer, donde no puede moverse ninguna particula con energia
cinetica corno laya apuntada. Se sigue de aqui que las particulas aceleradas por
lavariacion del campo magnetico de las manchas solares normalmente no pueden
escaparse del Sol. Solo en circunstancias excepcionales pueden hacerlo, y esta
posibilidad tiene que ver con la existencia del campo local de las manchas y la
circunstancia, ya apuntada arriba, de que a distancias suficientemente grandes el
campo de un par de manchas cs el de un dipolo.

Si larelacion entre las magnitudes de los dos dipolos, es decir, del dipolo
correspondiente a campo magndtico general permancnte, que llamaremos "dipolo
permanente”, y el que corresponde al que pertenece a par de manchas solares,
que llamaremos "dipolo transitorio" es la adecuada, si la orientaeion relativa de
los dos dipolos en el espacio es tambi6n la adecuada y si el campo excede de una
cierta constante en toda la region afectada, entoncos, como lo indico Godart, se
perfora un tunel atravel de laregion prohibiday por es? tunel pueden escaparse
las particulas ya aceleradas. Es claro que estas tres conditiones no se cumplen
sino en casos excepcionales.  Asi se explica por que solo raramente hay un aumento
de la radiation cosmica cuando aparecen las manchas solares y esto generalmente
acompaiiando a las grandes erupciones. Normalmente el tunel permanece cerrado
en su desembocadura, o bien ni siquiera existe. El problema de determinar los
tiineles ofrece algunas dificultades matemdticas y no ha sido resuelto sino para el
ca0n mas sencillo de dos dipolos.

Una vez sdlidas del tiinel las particulas cargadas sa mueven a travds del
campo magnetico solar y luego, unavez llegadas a la esfera de influenciadal campo
magn6tico terrestre, se mueven a travel de este ultimo. Para poder llegar a un
punto dado de la Tierra es preciso que tengan una energia suparior a la energia
minima de llegada a e punto en la direccion de llegada. Como ya se ha dicho,
la energia que adquire un proton por el proeeso de aceleracién ya descrito arriba
es cuando mas de 6 Bev. A esto se debs que no puedan llegar sino a latitudes
medias y altas, pero no alatitudes cerca del ecuador. A esto se debe que los au-
mentos de intensidad de la radiacién cosmica no se observan en el ecuador o cerca
de €el. El problema de laintegracion de las ecuaciones diferenciales del movimiento-
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en el campo de dos dipolos cruzados tambien presenta graves dificultades analiticas
y todavia no ha podido ser completamente resuelto.

Las aceleraciones que experimentan las particulas pesadas (protones y
iones) son relativamente bajas. No ocurre asl con las ligeras (electrones). Como
consequencia los electrones pierden por radiacion electromagnetica la mayor parte
de su energia durante el periodo de la aceleracion. Adaptando las formulas de
Schwinger y Pomeranchuk, desarrolladas para la radiacitfn de electrones acelerados
por un betatron, al caso presente, se ve que la mayor parte de la energia radiada se
concentra en las regiones de longitud de onda de vinos cuantos centlmetros y unos
cuantos metros, de acuerdo con lo observado. Tambien se puede prever, y deter-
minar experimentalmente, el estado de polarizacion de la radiacion emitida. Los
calculos de polarizacion todavia no han sido hechos.

La radiacion electromagnetica emitida por los electrones pasa libremente
a traves del campo magnetico tanto solar como terrestre y en consecuencia siempre
que hay aceleracu'm de electrones por e campo magnetico de las manchas solares
tiene que aumentar la intensidad de la radiacion electromagnetica que viene del
Sol. En consecuencia, casi siempre que aparecen manchas solares hay aumento
de radiacicm electromagnetica, tambien de acuerdo con los resultados experimen-
tales. No es necesario para ello que ed€' abierto al exterior €l tunel; bast a que
exista. Solamcnte en el caso excepcional en que no hay espacio disponible para
que puedan moverse los electrones durante el periodo de aceleracion cs cuando no
hay emision de radiacion electromagnetica.

DISCUSSION

KERST: IS it possible that large sun spots on bigger stars will give much more than
6 billion volts?

VALLARTA: It is a hypothetical question, because we do not know anything about
stellar spots. But if the star is of the same type of the sun, and we have no reason to believe
that these stars will not behave more or less in the same way as the sun, then indirectly we
can believe that there are stellar spots in this type of stars at least. If you consider some of
these stars, the larger stars of the same type as the sun, and you make some estimate of the?
size of the stellar spots and the maximum magnitude of the magnetic field and the way it. rises
to the maximum, then you have the possibility of having much larger energies being generated
there. | made some very wild guesses as to what could be expected a maximum energy from
these various big stars. It came out to be of the order of 100 Bevs. One wild guess gave as
much as 200 Bevs, but perhaps that was too wild a guess.

KKKST:  But you still need a mechanism to go to higher energies.

VALLARTA: That is to say to 10®°. For instance, | learned at Denver that there is
now some evidence, one photographic plate showing one case of a heavy nueleon with an energy
of 1.000 Bevs per nucleon hitting something else. | do not think that a star would give that
energy. It must have been something ese that occurred to the acceleration to come up to that
energy.

HABI: Can you expect a smooth average law of energy variation of cosmic rays from
such a mechanism?

VALLARTA: Wedo not know why it is s at the moment, but we do know that apparently
the proton component which is the most abundant, and the heavier components, that is, helium,
lithium, beryllium and boron, etc. up to iron have the same energy spectrum. That is all we
know. Why it is so, | don't think anybody can tell at the moment. That was a question
that was rather extensively discussed at Denver some two weeks ago by Professor Fermi. But |
do not think anybody can quite understand it. Perhaps one could say this much,—that whatever



BADTACION ELECTROMAGNETICA Y RADIACION COSMICA 13

processes are responsible for the acquisition of this very high energy, they are the same for
protons and other nuclei, but further than this | do not think anyone can go.

ANDERSON: Could you clarify the point about the mean free path? If the density is
10® per cu.cm., the mean free path would be of the order of one meter or so. Would you not
expect a rather large number of scatterings?

VALLARTA: The loss of energy by impact with other molecules should be of the magnitude
of 1 Bev. whichis, let ussay, 15% or more of the total acquired energy, whichis not too much,
ANDERSON: Would you not expect rather large deflections in the scattering?

VALLARTA: Yes, indeed. There is a large number of deflections in the scattering,
but that does not matter. From one point of view they are not so long that they do not stay
within the tunnel that | spoke about. They cannot get out of the tunnel, so no matter what
happened to these particles they always have to stay within the tunnel. They wander around
and eventually they shoot out from the mouth of the tunnel. | do not think that this matters
too much in the scattering.

BOHM: | would like a clarification on the question why there is no short circuit in
this generator in the sun spots. You state that there was plenty of energy available, and this
iswhat | do not quite understand. You certainly do not accelerate all of them, because there
could not be enough energy for this acceleration of a very large mass of particles to 6 billion
volts.

VALLARTA: The fact is that unless our calculations are wrong, wo have enough energy
in the magnetic field of the sun spots. You must remember that the sun spot is very large,
in the first place. Very large means dimensions of the magnitude of 50 thousand kilometers
diameter, and then the intensity of the field may be of the order of several thousands gauss,
and if you figure out the amount of energy that is contained, you find that there is plenty left
over after you have accelerated all the particles. That is why | think the short circuit argument
is not tenable.

DEUTSCH: Then; is evidence of radio frequency sources other than the sun. Now,
can one estimate from the amount of radio frequency that comes from other sources what fraction
of these corpuscular radiations we receive might be due to a comparable mechanism? | mean
the fraction of the electromagnetic radiation and the fraction of corpuscular radiation.

VALLARTA: That is in reality what Professor Kerst asked a moment ago. Probably
the origin of this radio noise comes from other sources or something like whatT have described,
but | am afraid that nobody has attempted the kind of estimate that you have asked about.
| do not know of any such estimate and it would not be so easy to make. Because, for instance,
you take one of these regions of the sky, where there are large emitters of radio noise like, for
example, the Crab Nebula. Now, the Crab Nebula consists of a great many stars that emit a
certain amount of radio noise. It would be very difficult to estimate what corresponds to each
of the stars in the Crab Nebula, which has perhaps a 100 million stars. Of course, one may
make a wild guess — | would be willing to make one myself.

GROSS: Y ou mentioned the knee of the latitude effect. | wonder if there is sufficient
evidence for the existance of a definite knee at sea level. That means, so far, an increase of
radiation has only been found at higher altitudes and higher latitudes. Summing up, would
it not be just to conclude that there is more evidence for the existence of the knee than for the
absence of the knee?

VALLARTA: Unfortunately, thisis not the case. |f there was areal genera field of the
sun the knee should be the same no matter what the altitude. It would have nothing to do
whatever with atmospheric absorption. The evidence which we have is something like this: If
you take the experiments of Pomerantz, he went to latitude of the order of magnitude of 82
geomagnetic degrees, almost to the geomagnetic pole. Intensity seems to be increasing all the
way there, although there is a slight discontinuity around 55 degrees, but beyond 55 it continues
increasing.

MOSHINSKY: 1 would like to put a question in regard to Prof. Deutsch's remark. Is
there any correlation between the intensity of the cosmic radiation and the intensity of the
electromagnetic radiation of the sun spots?
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VALLARTA: The electromagnetic radiation appears almost always when you have
sun spots. The electromagnetic radiation does not need to have a tunnel. It can come out, or
leak out, across or through the forbidden region. The cosmic radiation cannot come out of the
sun unless there is a tunnel, anil, as | said before, the existence of a tunnel is a phenomenom
of very rare occurrence. The electromagnetic radiation is produced whenever electrons have
aregion in which to move, and that means that the tunnel may be open part of the way or closed
at themouth. That iswhy thereis always electromagnetic radiation emitted but cosmic radiation
seldom occurs.

MOSHINSKY: IS there any quantitative relation between the emitted cosmic radiation
and the emitted electromagnetic radiation?

VALLARTA: In cases where cosmic radiation appears, there is. This seems to be in
fair agreement with experiments. The total electromagnetic radiation, if you Compare the
energies of the two, seems to be correct whithin a factor of /2.

G. WATAGHIN: IS there some estimate on the upper limit of the average magnetic
field in our galaxy?

VAI.LARTA: Some three months ago, it would have been very easy to answer. The
answer would be that it would be 10°°. But lately, questions have been asked about the
interpretation of this polarization, mainly by research workers at Harvard. Apparently they
do not feel that the estimate is correct, so | do not know at the moment what the answer to that
question would be. Apparently, the old estimate is not correct.



On the East-West Asymmetry of the Electronic
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SUMMARY

The data serin to indicate that there is a small negative asymmetry for the electronic
component of the cosmic radiation. The experiment should be repeated under better
experimental conditions.

INTRODUCTION

The azimuthal asymmetry of the cosmic radiation has been measured
at different latitudes and different altitudes by many investigators. For these
measurements a counter telescope pointed at a fixed zenith angle is oriented
alternately in the directions east and west and a counting rate is obtained for these
two orientations. The asymmetry is usually defined as follows:
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where J(h, ,w, £) is the intensity of the radiation at a place h units above sea
level, X geomagnetic latitude, w longitude and £ zenith angle. The subscripts W
and E indicate whether the zenith angle is towards the east or towards the west.
Usually the counter telescope consists of three counters aligned along an axis and
pointed at the desired zenith angle. With such a telescope one can measure the
azimuthal asymmetry cf the total radiation. To measure the asymmetry of the
hard component a lead slab 10 cm thick is introduced between the counters
eliminating in this way the soft component. Most of the azimutal asymmetry
measurements that have been done till now have been measurements of the
asymmetry of the hard component and of the total radiaton. To measure the
asymmetry of the soft component the most common procedure has been to
take directional counts with and without the 10 cm lead slab and to consider the
difference between these two counts as the soft component intensity. Another
method of measuring the asymmetry of the soft component is to use three
counters located at the vertices of an isosceles triangle with a 2-3 cm lead dlab
over the topmost counter. With this arrangement, a soft photon or a soft electron
that hits the lead slab from above and in the direction of the perpendicular
bisector of the base of the triangle will have a high probability of producing a
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burst in the lead slab that will trigger the lower counters. This array will have
a resolving power which will depend on the dimensions of the isosceles triangle.
Any other cosmic ray particle that hits the lead slab will have a much smaller
probability of producing a burst and thus the telescope will register soft photons
and soft electrons preferentially. A thickness of from two to three centimeters
is used because this is the thickness for the maximum of the Rossi (1933)
transition curve.

In JOHNSON'S early experiments (1933d, 1934, 19354, b) he measured the
asymmetry of the total radiation and of the shower producing radiation at different
latitudes and altitudes and obtained a positive asymmetry of about 10% for the
total radiation and a slight positive asymmetry (of the order of 3%) for the shower
producing radiation. From these experiments JOHNSON concluded that the
primary particles of the hard component were positive (presumably protons) and
that the primary particles of the soft component were a mixture of positive and
negative particles. JOHNSON & BARRY'S (1939b) high altitude experiments brought
new evidence in favor of this theory when at atmospheric pressures of less than 5 cm
Hg the asymmetry of the total radiation was found to be 7% whereas an effect
of 60% was expected if primaries were exclusively positive. SCHEIN, JESSE &
WOLLAN (1941) balloon experiments indicated that the primary radiation contains
almost no shower producing particles such as electrons. This evidence appeared
to require in the primary radiation the presence of penetrating particles which do
not excite mesotrons but go into the production of the soft component.

More recent experiments (SCHEIN, YNGVE & KRAYBILL, 1947, 1948;
WINCKLER, STROUD & SCHENCK, 1948; WINCKLER, 1948 BARBER, 1949, BIEHL,
NEHER & ROESCH, 1949 a b; WINKLER & STROUD, 1949, WINKLER, STIX,
DWIGHT & SABIN, 1950; VAN ALLEN & GANGNES, 1950) have been performed,
but still the results of the soft component experiments are somewhat confusing.
SCHEIN, YNGVE & KRAYBILL (1948) asymmetry measurements in a B-29 airplane
brought convincing evidence that the hard component arises from primary rays
which are mostly positively charged. |n BARBER'S (1949) experiment a comparison
of the observed east-west asymmetry with the values predicted from the latitude
effect under the assumption that all primaries are positive showed that the observed
values are larger than the predicted which seems to preclude the possibility of
negative primaries. In this experiment they obtained a value of 3.5% for the
east-west asymmetry of the shower producing radiation and an asymmetry of
11% for the total soft component. BIEHL, NEHER & ROESCH (1949a) measured the
east-west asymmetry at Peru (geomagnetic latitude 0°) at 30,000 ft with no lead
absorber and with lead absorbers 10 and 20 cm thick. The west excess obtained
from this experiment was 22.3% + 1.1% for no lead, 27.0% + 1.3% for 10 cm
lead absorber, and 30.4% + 15% for 20 cm lead absorber, all these results at
3.1 meters of water equivalent. These results indicate that the asymmetry of the
total radiation is nearly equal to that of the penetrating radiation. This would
mean that there is approximately the same asymmetry for the hard as for the soft
component. BIEHL, NEHER & ROESCH (1949a) also found a very high correlation
between the latitude and east-west effects assuming all the primary particles to
be positive. To make this calculation they used VALLARTA'S (1948) curves and
found that at zenith angle 45° east the minimum momentum for positive particles
at 25° north geomagnetic latitude is the same as at the vertical on the geomagnetic
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equator. In a similar way for 45" west the minimum momentum at 25° north
geomagnetic latitude is the same as at the vertical at 29° north geomagnetic latitude.
Thus if al particles are positive, one would expect the same ratio of east to west
at 25° north as the ratio in vertical intensities between 0° and 29° north. BIEHL
el al (1949a) calculated these ratios and they obtained 0.82 and 0.78. While
these ratios are very close, BIEHL et al (1949a) point out that there is an uncertainty
in just how the correct curves in VALLARTA'S (1948) figures should be drawn.
From this experiment BIEHL et al (1949a) concluded that it was not necessary to
assume a different primary particle to account for the penetrating and soft
components at the equator and that it is quite likely that one kind of incident
positively charged particle will suffice. WINCKLER & STROUD (1949) measured the
zenithal distribution of particles at high altitudes with counter telescopes and
made simple calculations of the multiplicity and angular divergence of secondary
particles. The observations indicate a sharply collimated forward typo of
production event. The azimuthal, and zenithal distributions indicate a nearly
isotropic primary flux.

YEATER (1945) has made a study of the time variations of the cosmic ray
directional intensity distribution and has found evidence of some time variations.
These variations, occurring within periods of 12 to 28 hours seem most pronounced
near the zenith angles 20° and-70° in the east-west plane, and are not found in
the north-south plane. These observations would appear to be explained by the
effect of the fluctuations of the magnetic field of the earth. These fluctuations
modify the allowed cones of certain primary cosmic ray particles of energies
near 0.2 and 0.6 stormer. YEATER shows that the east-west positional symmetry
of these variations is evidence that there exist positive and negative particles
with the same e/m in the primary cosmic radiation.

We wish to point out that according to HEITLER (1937) the oft-
component could be easily explained by the cascade theory if the primaries were
elections. According to CACCIAPI'OTI (1939) the soft component is not in
equilibrium with the hard component. Yet according to FERRETTI (1939) and
BHARHA (1938) and EULER & HEISENBERG, (1938) the electrons should be in
equilibrium with the hard component. According to Rossi & GREISEN (1942)
primary electrons are probably the origin of the soft component. According
to HAMILTON, HEITLER & PENG (1943) the primary radiation could be solely
protons. The protons produce pseudoscalar mesons and transverse mesons, the
former being responsible for the penetrating component, whereas the latter
give rise to the major part of the soft component through beta decay. GOLIAN,
KRAUSE & PERLOW (1946) rocket experiments also seem to indicate that at
least 70% of the incoming primaries are protons. The fraction of primaries
which may be electrons is likely to be less than 30%. The small fraction of the
primaries alone can not explain the intensity of the soft component and for this
reason some other origin is at least partly necessary. According to BERNARDINI,
CACCIAPUOTI & QUERZOLI (1948) the measurements concerned with the
electronic component of cosmic rays near the earth's surface are not well
understood in terms of the usua theories of their origin. According to the
theoretical work of HEITLER (1937), EULER & IIEISENBERG (1938), FERRETTI
(1939), BHABHA (1938), only electrons in equilibrium with the hard component



18 A. QOBAS, R ARCE ANDJ. GARC A DE LA NOCEDA

should be expected between sea level and an altitude of 4-5 km. On the other
hand, experiments performed by CACCIAPUOTI (1939), and by BERNARDINI,
CACCIAPUOTI, FERRETI, PICCIONI & WICK (1940) seem to indicate that the soft
component is not in equilibrium with the hard one, in fact, the increase in
intensity of the soft component with height is somewhat faster than is
theoretically predicted. These results were confirmed by Rossi & GREISEN
(1942). Many theoretical and experimental investigations have since been
performed to establish the equilibrium conditions between the electronic and
meson component but the conclusions are not as yet in satisfactory agreement.

According to ARLEY (1945, 1940) the proton hypothesis of the primary
cosmic rays leads to difficulties in the interpretation of other experiments. Among
other things, Arley says that it should give a high positive E-W asymmetry at the
top of the atmosphere for both the hard and the soft component, a result which
is contrary to what high altitude experiments have shown. This smallness of the
E-W asymmetry of the total radiation at high altitudes Arley says could be
interpreted as being the result of a high positive E-W asymmetry for the hard
component assumed to be produced mainly from primary positive protons, and a
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high negative E-W asymmetry for the soft component assumed to be produced
mainly from primary negative protons.

We have measured the symmetry of the electronic component of the
cosmic radiation at Rio Piedras, Puerto Rico, geomagnetic |atitude 29° N, longitude
66° W and 5 meters above sea level. This is a preliminary report on the results
we have obtained so far.

APPARATUS

For this experiment we have built a cosmic ray multitelescope made up
of nine telescopes, each of which consists of four counters in four-fold coincidence
arranged along 15° intervals of zenith angle as shown in figure 1. This instrument
is housed in a wooden building where the roof has a thickness of approximately
6 gm/cm®.  Above the two middle counters a 2 cm thick lead slab is placed, the
length of this slab being equal to the length of the counters. With this arrangement
an electron coming in such a direction that it will go thru both the upper
counter and the lead slab will probably produce a burst at the lead slab which
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will trigger the middle and lower counters and produce a four-fold coincidence.
In a2 cm thick lead slab the probability of an electron producing a burst is very
high while the probability of a meson producing a burst is practically zero. In
this way we can differentiate between mesons and electrons. A low energy
photon can aso produce a burst in the 2 cm lead slab but in our arrangement it
will not trigger the upper counter. Thus with the geometrical arrangement of
figure 1 practically all the four fold coincidences will be due to the electronic
component the cosmic radiation. A shower will also trigger the four counters
and thus register as an electron but a hodoscope unit attached to the multitclescope
provides the means for correcting this. Each telescope operates an impul se counter
which registers the count.

The counters we are using are Anton Laboratory type 350. These
countersare 5 cm in diameter and 50 cm long and are filled with ahalogen mixture.
This mixture insures constant operating characteristics over long time intervals.
The instrument is operated 24 hours a day and is rotated around an angle of 180°
every once a week. Each telescope sustains an angle of approximately 7° in la-
titude and 60° in azimuth.
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The hodoscope unit consists of 30 neon bulbs arranged so that each
lights when triggered by a coincidence between a single counter and a master
pulse. The neon bulbs are arranged in nine columns of four, each column
corresponding to one telescope. The master pulse is produced whenever the four
counters of one of the nine telescopes and one or more counters from any of the
other eight telescopes fire simultaneously. Thus whenever a master pulse is
produced, at least five neon bulbs light, i.e., the four bulbs corresponding to the
four counters of the telescope that fired and the bulb or bulbs corresponding to
the counter or counters that fired simultaneously. Whenever a shower occurs the
bulbs corresponding to all those counters that are triggered by the shower will
light unless the rare situation occurs in which a shower fires various counters
but not a complete telescope. Our instrument will not register these events
where no complete telescope fires but these events occur so rarely that they can
be neglected.

The instrument yields the data necessary to measure the asymmetry
of the electronic component of the cosmic radiation in two ways: with the aid
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of the impulse counter registers and with the pictures obtained from the hodoscope
unit. We wish to report the results obtained from the impulse counter registers
for a period of approximately 1500 hours. The corresponding hodoscope pictures
are being analyzed and a report of such measurement will be made in due time.

As the data obtained from the impulse counters do not differentiate
between true counts and counts due to showers we ran the experiment for a period
of two weeks and obtained an approximate value for the shower counting rate.
This shower counting rate is to be deducted from the actual counting rate of each
telescope.

RESULTS AND DISCUSSION

Table 1 shows the results we have obtained until now from the readings
of the impulse counters. It is obvious that the uncertainty of our measurements
is so high that we can not arrive at a reliable conclusion about the value of the
asymmetry we are measuring. Nevertheless we wish to point out that the fact
that all telescopes registered a negative asymmetry except telescope 2 and 1,
which registered no asymmetry, seems to indicate that there is a negative
asymmetry for the electronic component. The experiment should be run for a
longer period until the precision measurement becomes reasonably acceptable.
Column number 4 of Table 1 shows the approximate? shower counting rate which
was obtained running the experiment without any lead slabs.

Table 2 shows the results of this measurement whore again the
uncertainty of our measurement is very high. From this table we wish to point
out the fact that with the exception of telescopes 1 and 9 the uncertainty of the
measurement is higher than the measurement itself. This would seem to
indicate that no asymmetry will be registered by telescopes 2, 3, 4, 6, 7 and 8,
while telescopes 1 and 9 might register a negative asymmetry if the measurement
were to bo made during a long enough period. This result seems to us reasonable
because telescopes 1 and 9 are oriented at 60° zenith angle and at such angle any
large amount of matter in the room next to the laboratory would affect the
measurement, There are a few tons of mimeograph paper stored in the room next
door and piled in stacks high enough to affect the lowermost telescopes. For this
reason we should neglect the results obtained with telescopes 1 and 9. In Table 1
telescope 1 gave an asymmetry of - 50% + 10% which is entirely unreasonable
unless explained by the amount of matter next door.

Table 3 shows a measurement of the asymmetry of the total radiation
which was obtained by using three counters in line for each telescope and no lead.
Here again the uncertainty is very high due to the shortness of our measurement,
but again all telescopes except 2 and 4 give a positive asymmetry as they should.
Thus one would be inclined to believe that the instrument can measure asymmetry
if operated for a long enough time.

From the analysis of the hodoscope pictures we believe that the
uncertainty in our measurements will be less. We have approximately 30,000
pictures and this will take a few months to analyze. We shall make another
report as soon as thiswork is finished. In doing this work we are transferring the
data from the film to separate diagrams of figure 1, in such a way that to each
frame corresponds one diagram. Figure 2 shows an example of this transferring
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procedure where it can be seen that on the frame examined telescope 4 fired and
also the lower counters of telescopes 3 and 5. This seems to indicate that the
burst produced was wide enough to fire the lower counters. In doing this we
will have the data from the film in a more easily examinable way. At a later
time this data can be transferred to | BM cards so that any statistical measurement
can be performed quickly and efficiently.

If there is a negative asymmetry of the electronic component of the cosmic
radiation we will have to look into the problem of the primary particles which
give origin to these electrons. It should be emphasized at this moment that the
measurements at or below sea level or at any point within the atmosphere give
the east-west asymmetry of the secondary particles and not of the primary particles.
As we can not assume that in the primary radiation the positive particles and the
negative particles will undergo identical multiplication processes, we can only
determine the charge composition of the primary radiation at altitudes high
enough that the mulplication can be considered to be negligible.

We plan to perform this high altitude measurement but before that,
the present experiment should be repeated under better experimental conditions.
To this effect funds have been assigned by the University of Puerto Rico to erect
a wooden structure isolated from the rest of the University buildings to house
the new instrument. The uncertainty in our measurements is due mainly to the
inefficiency of the counters. These counters were sold to us under the
understanding that their efficiency was about 85% but they turned out to have
an efficiency of about 50%. With afour-fold coincidence circuit an efficiency of
85%; is barely acceptable if the experiment is to run for a period of a few months
but when efficiency is 50% the experiment is practically impossible unless one
can run it for a period of years.
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ELECTRONIC COMPONENT

SHOWER
TELESCOPE cornts | Las N cC(F)?(::JTNTETSI/Ei come E::i:zu:hiﬂli INTENSITY INTENSITY ASYMMETRY REMARKS
*|COUNTS HR. :

|East 3465 1486 2.33 2.08 0.25 025 + 0.01
1West 3312 1488 222 2.08 0.14 014 + 001 | —56% * 10%
2East 1799 1696 106 0.65 041 041 * 0.02
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S 2321 1797 129 0.74 0.55 055 + 002 | —16% * 7%
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TABLE I11. TOTAL RADIATION
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Asimetria de los Mesones en € Ecuador Geomagnetico

I. ESCOBAR V. Y F. B. HARRIS

Universidad Mayor de San Andres, La Paz, Bolivia

De este estudio se dara cucnta oportunamente, por los autores, en union
del Dr. Robert Williams; todos ellos actuando bajo la direccion del Prof. Bruno
Rossi.

Nos vamos a limitar aqui a hacer una descripcion, muy somera, del
equipo que se viene utilizando y de los problemas que el mismo plantea, tanto
on su parte puramente fisica, como en los de la interpretation de sus resultados.

El equipo que se esta utilizando en este experimento es en esencia,
un selector de mesones ml, positivos y negatlvos, dentro de un campo magnetico
de 18.000 gaus, habiendo sido dibujado integralmente por sus autores y construfdo
en los propios talleres del M. T. T., bajo la direccion personal de los mismos.

Con el fin de dar una idea del equipo lo separaremos en 4 partes funda-
mentals:

a) Organos sensibles.
b) Organos selectores.
c) Organos registradores.
d) Fuentes de poder.

a) Como organos sensibles, se utilizan eontadores Geiger-Muller de
12y | pulgadas de diametro, y 56 centfmetros de longitud, igualmente fabricados
en el M. I. T., y llenos de argon y alcohol a 12 cmts. y 20 cmts. de presion
respectivamente, colocados en telescopio giratorio, en la forma que indica el
grabado.

Este telescopio es doble y puede apuntarse en cuatro posiciones diferentes:
0°, 22° 12, 45° y 67° 1/2, en forma simple con un pasador movible a través de
una plancha perforada, en los angulos arriba indicados.

b) Los organos selectores, estan constituidos por dos tipos diferentes:

1) Campo magnetico de 18.000 gaus.
2) Selectores electronicos.

El campo magnetico esta formado por dos piezas dobles, para cad a
telescopio, de hicrro dulce, con un limite de saturacirin de 21.000 gaus, alrededor
de la cual se han efectuado 5 capas de vueltas com alambre de cobre de n.° 19
de espesor y un recorrido de 1.000 metros, para cada parte lo que hace un total
de 12.800 metros para €l conjunto.



I. ESCOBAR V. Y F. B. HARRIS

28

Fig. 1

A = Amplificador

cuadruple

»

Registrador

3 = Coincidencia triple
Anticoincidencias.

4 =
R =
X =

F(p, 8, ¢)dSdpda,

aN
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donde:

= momento del meson
= angulo zenital
= angulo azimutal

F = espectro diferencial del momento en funcitin de los angulos
de la direction de ineidencia del meson.

89 @« 9
H

El problema es el do calcular de los datos arriba citados el numero do
particulas que de diferentes momentos atraviesan tres contadores G. M. colocados
en la forma que se se sefida en la fig. 5.

Los tres contadores so eneuentran dentro de un eampo magnetico B,
paralelo a los ges de los mismos. La Ifnea L que Se muestra en la figura, tiene
en e espacio las direoeiones &; ¥ g

Para facilitar el calculo cada tubo sera representado por un area de un
piano normal a dicha hnea. Consideremos primero una particula que pasa por
los tres puntos, representados en la fig. n.° 6, del piano del papel.

El meson pierde energia al atravesar el hierro que forma la magneto
y por lo tan to pierde momento, sea a una eantidad k unidades por metro, que
practieamente es una constante.

Como la trayeetoria es difieil de calcular directamente debemos llegar
a ella a traves de ciertas aproximaciones:

1= --- Dado que & <x h suponer que la distancia recorrida por
la particula entre dos contadores es siempre h.

2.+ .— Suponemos tambidn que entre los contadores la particula
sigue unatrayeetoria circular cuyo radio esta determinado
por €l momento de ella en su punto medio.
En un campo magnetico, una particula cargada (meson en nuestro
caso) se mueve en un circulo cuyo radio R = p/eB, en donde: e = carga electronica.
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En la figura 1, tenemos entonces, que para la parte superior de
latrayectoria:

p—1/2kh

R, = eB

y en la parte inferior de la figura:

p—3/2kh

k: = e

donde p es ¢l momento incidente, o sea

=P =P
Bo=-g v Re=-p

Eilo da lugar a que las ecuaviones de los dos circulos se expresan asi;

O e N R ¢ I
- - - ()

siendo .y, ¥, las coordenadas del centro del primer cireulo y £, ¥, las del segundo.

El primer efrevlo pasa s través de los puntos (0, A) v (£, 0), teniénidose
por ello que:

Y €
(E—rl)+y-( ) o=

Como anteriormente se indicd £ <<r ¥ g <<h ¥ por lo tanto i) <,

. . u . .
Fliminzndo los términos en Ez ¥ y1 ¥ solicionando las ecunciones parn
x, ¥, se flega a

W= 0= 2Ry w == R VIR
Puesto que £ < #y, (f/lf])2 < |

liegando a que V14 R = 14+ 172 (8/R)°,
O 50% = - R+t

El segundo efeculo pasa a través de los puntos (0, — &) ¥ (£ 0); siguiendo
un procedimiento similar se lega a:

1
rp=-—M+E ¥ yszﬁ(ziﬁz‘he)-
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Las derivadas en las dos curvas deben sor iguales en (¢, 0).

_@J _.Iom
1

dx ¥—n
My Ry Sn &
( dz 7 en (& 0) o (/20 (0 — 250)
&Y, _Em ,
Igualmente ( i )2 en (5, 0) = Ve (1.72h) (2£8, — A}

R, i

= t = ’
Ponetinos por tnto oy = Bl — @

Substituyendo los vitlores de f¢, ¥ f3 en funcidn del momento p, y resol-
viendo para éste la ceuncidn correspowdiente, resulta

p = kh+ (B3 [| + V14 @kE heBE] .

Finalmente esta ccuaeidn sdlo tiene sentido con sizno positive ya que
unn purtienla debe tener p 2 2k4 para llegar ol tercer vontador.

4
13

11
€8y
[

o

- |
T
Iy

Fig. 3

Bl factor kh que es la pérdide de momento entre dos contadores p}zede
ser representede por B, ¥ (Ae B/4K), que ticne las dimenwiones de uns longitud,
por X, resultande portanto:

P =y + 2 (N0 L+ VT4 /X L
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Una consceucncia intercsante es quo se puede deducir un limite para
£ en base de que e minimo posible para p es 2kh, o 2p,.

Para una parte eualquiera del contador del centro, de area dS, los limites
de admision de particulas que efectuen una coincidencia triple (es decir que atra-
viesen los tres contadores) pueden observarse graficamcnte en la fig. 7.

Representamos en esta figura por a el angulo de desviacion de lo normal
de una particula. El campo magntftico existente entre los contadores no tienc
efeeto alguno sobrc la components de mornento paralelo a mismo, por lo tanto
solo consideraremos las componentes normales que en la figura so representarian
por una linea vertical. Teniendo en cuenta estos conceptos, la ecuacion (I)
se transforma en

peosce = py+ p (X D[ + VI+LAAG/XE ) ... (@

Los limites de admision de partieulas en la fgura L se pueden ropresentar
matemdticamenfe por

—(!/2)_HSI'.’JC\' . (!/2)—!52&?“,
k i
a dicho e otro modo

Fig. 4 — Una vista de la magneto.

El angulo solido dw para nuestra area dSesnros ,dondeneséel limite
de lavariation en movimiento transversal del trazo de las partfculas que, Ilegando
a tocar los dos contadores de los extremos, poseen el mornento que consideramos;
limite de variaci6n que se haila a una distancia h del gje de las x.
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Puesto que y no es una funcién continua la representamos:

g=m=0 cuarxlo z < g —r
\,=q3=2r( —i—:{) cuandn t —r <z < ¢
,?=,,3=2r(l—f—-;—e) ciando E< 2 < E4r
p=n="0 cuando z > £+ r

donde r es cl radio del contador G. M. EI numero de particulas registradas por
el aparato en laregion de variacion de momento entrc py p + dp, por segundo es

lH'.'Z] -n

g~ d+r
N N fO8 e
= -2 Fip, 8, ¢) dz du dae oL 3
o .,/,.; i “f f (Y, n @)

El factor 2 que precede a signo de integration nace por el hecho de que
el problema es simetrico con respecto a ee de lafigura 14 y la integration para
u se toma desde 0 hasta {2 en lugar de — 72 & 172 porque para cada punto
u hay otro punto — ?* con el mismo angulo solido y las mismas caracteristicas; d
es la distancia de separation del centro del contador situado en el medio del ge
de las y.

Aqui se puede hacer otra aproximacirin; supondremos gque dentro de una
region arededor de los dngulos #; ¥ ¢, la funcion F puede ser representada por

Fip 8 ¢) =jp —WJ@)

Ademas, y puesto que estamos trabajando en cl ecuador geomagnetico
y el cquipo csta siempre dirigido o hacia el Este magnelico o hacia el Oeste
magndtieo, la funcitin g(g) debe ser sim6trica a nuestro @ Por e

dv i neos" 0g(¢) cosadrduda ... .. )
n‘ h cos" by i
u=fl =

Puesto que se conoce que g varia muy lentamente con respecto a g,
podemos escoger arbitrariamente una representation de primer orden para g.
Tambien ponemos g, arbitrariamente igual a cero. Esto lleva aparejado que
g sera diferente para € Este que para €l Oeste. En este caso escribiremos

gla) = ltatge=1da—2 . (5

siendo a la constants elegida a base de los datos rcales y pudiendo tener un signo
doble, ya positivo, ya negativo.

—3—
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. r Si Ilamamos 3; a angulo que efcctiia el meson
incidente con € piano de la figura 5 (b) y B es su
proyeccién sobre el piano de la figura 6 puede de-
mostrarse que:

cos 6 = cos B cos o cos 8 + srn 3; gen Oy

 s—
— \
_:___

e

L iguslmente quc: st 3y = cox fy Ig 8 cos a,

Fig. 5 donde # cs el Angulo zenital de lu particdla,

Luego: coe 8 = cog 3, co5 o (cos By + fg B arn ﬂa)

s By ot o
cos 3

cos (8[, - .8} .

¥ por tanto: oz 0

Poro conviderando que 8 ¥ 8, son dAngulos pequeilos, se puede haenp
In aproximacidn wigniente:

B=senfB=1Y8
cos 8=1—128

Debe hacerse ln mista aproximacion para 8.

Después de algunas trunsformaciones trigonométrieas y aproximaciohes
admisibles metematicameonte puede escribirse que

2 2
l_l ]_/%'::;:-—ﬂ cos a cos (8 — ) , o ven

eos 0= (1 + 1128 {t ~ 1/2 8 cos® o} rox & cos (8, — @)
y por tanto:  cos 8 = (1 4+ 1/2 8% sen® o) cos @ cos (8, — &) ,

cas @ =

despreciando el término resnitante 8.
Yolviendo sobre lo ecinacidn (1), hacemos

dN  if(p) .
— = e £
dp  heos" iy 4 ®)

donde Jy ea la expresidn siguiente:

4 = fffq {1 + if2 & aer? o eoa” ' @ cos® (B, — 8) (&) di dit da

en donde para simplificar lo escrite hemos suprimide los Kmites o integracidn,
Recordande que 8 es un dnguly pequefio, se puede hacer
(1+ 128 wna)" =1 + 028 sen’ o .

Expandiendo el término cos” (@ ~ ) en una seric de MaeLaurin en g
se llega o

mn(ao“ﬁ)=C08"3u|:l+3nlgﬂo+%{n(n—l)f.ygﬂu—ﬂ} ....... :|
o
. . g
o8 (ﬂu—ﬂ)=ws & 1+'6A+T .
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Puede observarse que los términos cos"8,, ¥ cos"8; del denominador
de [a ecuacidn (6) se suprimen mutuamente.

) Debemeos sefialar que estamos realmente tratando
! de caleular 1a suma de laz coincidencias producidas por
mescnies que siguen los dos tipos de trayectoriss, que pue-

den verse en la fig. 8.
Por cllo tenemos dos intograles de la classe J|, en
% uno de ellos ¢l 4ngulo serd 8y en ol otro — 8. Por eso s
L suprimen las potenciss impares de § ¥ s¢ suman [as poten-

ciag pares de cllz.

Fig. @ Eseribiendo (ﬂ) . @) gy, en donde J, sord
p h
JSa =fffﬂ' ¢ (e) (1 +B%sen2 nr) (l -{-'8.?—2“0) cos” t! o d du da
siendo D=0=0h—Dtde—1.

Por tanto: .Jf. —fj fr; _;(qs)[l L HE (D—i-sm a)]cos Yadzduda. (8)

Punlrd aotarse que Jy o5 muy diffeil de ealeular, ineliso en formas apro-
ximada, debido a Y compleiidad de los Bmites de s integracidn y la misimnz natue
rulezn de la funcidn gy .

Resolviendo lu ecuacion (2) para &, tenemos

2X (Peosa— 1)

C S Pema PR e D)
¥ llegames 2 la aproximaeidn
2X .
= +£
8= Poowa = 1[1 ! J‘(Pm?“_l)z:l ........ {10)
siende P = plpo.

Parn una apreximacion de primer orden de J se puede considerar:

g=—3‘£_ poB=0 ; gl =t Ll (L)

P cose — |
|I'ﬂ! w

tg=! —— d+r
llegande a:  Jy = Jy —f f [ 'adeduda.
=l

Consideraremos solamente cl easo para ol cual d > 27, 1o que es cierto
en nuestro equipo, pero aun antes de calcular laintegral se pueden efectuar algunas
deduceiones relacionadas con el momento de las particular.

El momento minimo admitido es tal que

f=d+2a=0, ¥ por tanto

d+2r=‘—1'0 lo que es igual i Py, = d+2r+l
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Il momento méximo  ¢orrespondrd o

t=d— 2 ; a=1{" (L720).

Consecuentemente:
& - = 7 2X s 0 P = ( 2X + |) \/T:—_(:'/"ZE]-E .
mar__ ) d — 2r
VL (L72h)

Nuestro primer paso sera el de determinar las zonas del piano matematieo
X — cos a en las cualcs y tendra los valores n, n,, n,, y n, Las eurvas que separan
las zonas estaran expresadas por

=t—r ; r=% ¥y x=E+r respecetivamente,

Substituyendo € por su valor en la ecuacion (11) y resolviendo las
ecuaciones para cos a, se obtiene las tres ecuaciones siguicntes:

cosa—-—,-(! +r+ )
t"r.mo:=——(—+ |)=Zg(3'-)

1 2X
808a=—!')—( -—-r+ l)=~3(-1-')

xr

Iistus curvas se muestran en la figuea 6 para un caso dado, Obsérvene
L I3
que sdlo kos hallamos interesados en lo zonaen que d — r L0 <d 4 ¢, que es la
zona que veupn el contador (i M. situado en ol centro.

! L grdfien de In figurs 16 es general para el vaso

2X
d <t <d+r , domle g = Pt

{1 grifico mencionado contiene tambidén iinens
representativas de Jos valores limites de a correspondientes
o diversos valores ile a,

Fig. 7

s observable que los limites de la integracion
estardn determinados en algunos casos por las curvas z y en otros por lok
valores de w, dependiendo de eudl dard el mds bajo valor de e

15 neeesario sefislar ol punto en ol cual tiene lugar este cambio, por
eso colocamos &, () = ¢(u), siendo

0=l 23 1 {122 T

Para u catag ectnaciones pueden resalverse  asf:
= (2) ~w,(x), sirnde
k e e e s e e
I{ S ——— . 22 3 . - F] ,
w,(z) X Fo.0) Vil 1) [o. (2] 4Xv, (x} ~ 4X*, donde

@ =247 ; @)=z ; w@)=z—7r,
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Existen tres regioncs para X, con diferentes propiedades:
d—r< S —r
72154
LEzxzEd+r;

pudienda eseribirse por tanto

En—v £ d+r
J3 =fJ4tlx+f.l5rIr+/Jnf!m .
d-r EO—' Eﬂ
J, es 16gicamente cero, por € heeho en esa zonaquen=n = 0. Js
presenta dos zonas con diferente comportamiento, fijadas por u:

0<a {72 — ulx)
(1.72) —w,(x) < u <12

Par tantao;

P2- aealr! rea’ 1 i con by
1
dy = [ /"!z cos" TV adla dn -+ [ /n ros” ee e it .
=l -1 w=a—w {2y er - )

Ahora

we = 2r |t + plr, cos )] , en donde p gueda

plx, eos o) = T— £ ]L (J' DR S I)

r Poeos a

definida axf:

Cobslderemos ahor las integrales indefinidas:

f cos" T o da = o, {cos a)

¥
fp (x, cos o) cos" T e doe = 7, (2, cos &)

definiciones que nos serviran para simplificar y abreviar los calculos mas adelante.

Tendremos entonces que

gy = 2r/7_,--u-. ’ Lo (2} = o, (1) 4 7, (x, 2) — 7, v, 1] du

42 ﬁ L) = e () £ e g) = o D]

e — WY

[
a

= 2:-[% — 1w, (:r):l [a-,, () + . (. 2.)] + 21’[ - I:Gf.. (@) + r. (s, ﬁ’)] du

— il ) + 1, (e 1]
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J tiene tres gonas de diferente comportamiento, dependiendo ignalmente

de u:
0<u _<_~;—-—w1(x)
i—w(a:)*ﬁu i-—w(:t:)
2 ! z 7
i i
LA, < ug—
2 we (2) < u 3
¥ por tanto,

%—wl{z} ] ormln
Js = meoa" U ada + r,-gcas““ada du
uw=0 a=0 “lag
L wyfx) voa 1y
F 4
+f . [ 9 ros” 'ariu—i—-f qgcm""dada du
u=?—w|!:1 a=0 = ot gy
L coa=lg
¢ ntt
+ . Ty COS o d adi
u-?—w:t.r] P—

Ahaora:
g = 21 [l —p (9:, s a)]

—:l——u-; {e)
Jo = 2"[ [U’N (Z|) - (22] + 7a (LC, Z]) T Ta (-!-', 22)] du

+ 2".[?‘“, T [ (@) ~ o (@) + 7 (2, 0) = 7. (s, 2) ] e

;——m(f]

+ 2r [?W! ’ [m. (22) ~ o, (1) = 7, {1, 2) + 7. (&, l)] du

+ 2rﬁ? [a, () — o, (1) — 7, (z, 0) + 7, (z, 1)} du

—byl
2 by Le)

s=2[ 2w @[ )+ ]2 f‘ [eo@ + 7. 0] e

=y {2}

- 2r[—;~ - w, (z)][".. (22) + 7o (=, Zz)] +2r[% —w («‘»):":",. (z) — ras, zz):]

+ 2"]? [e. @) — r (& @] du = rt[o, (1) ~ r, (z, 1)]
g™ [z}

. 1
5 T
= 2 [nr“ (n) + v (x, q)] du = 4r {2, 9) du
Fron y el

2

- 4r|:% - w,(z):l iz, 2) ~ ri [F,,(l} + 1. {x, l.)] +2rir,(z 1) .
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Bt
S0 (e) du = v, ()
ff,, (J:, q} du = §, (:c, u) ,

substituyendo se obiienc:

s ff ih[-; - 0@ ][ + n s, )]s

o

+ﬁ+'[~r, (£)—r(5-®)+a(=)

fu-r

— 3, (-‘C.% - w (I))] dr — -;—[dh[ﬂ'ﬂ(ﬂ + vz, 1)] d=

fo-r

— 2L [6“ (:e:, %) - &, (r,% — w (:c)):l di
_ 2[Hr[%_ wg(;)] o (5,20) de + :fhru x,1) dz .
ks £

Las funciones a,, 7,, 7, ¥ §, qu¢ mencionamos arribz pueden calcularse
a traves de metodos de aproximacion, como las series de Taylor, MacLaurin,
etc. y la integracion de x puede efectuarse entonces numerieamente.

Ligeras modificaciones en 1° expucsto anterior-
mente se requieren para la determinacitin de otros valores
de £, cs decir, cn las zonas siguientes:

hsd—2r
d-2rL&d—1
d—r<Hh<d
dtr<p<d+2r

Fig.8 b d+2r

Si

Ji ‘(d’N . UL (1)
2 = e(P), se llegn n: aw) "k € o ip)
lo que ademas pcrmite aislar cl efecto debido puramente al equipo, del espectro
f(m de la radiacion incidcnte.

Efectuaremos ahora un somero analisis del problema fisico sobre las
particulas que llegan a nucstros contadores. Ya sendamos que la intensidad
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de la radiaci6n que llega a la superficic de la tierra es diferente para cada punto
y para poder dcterminarla se tendra que conoeer:

1) El valor del campo magnclico de la tierra,

2) Lacomposiciony distribution de la energia de la radiacion
cosmiea, fuera del campo terrestre.

3) La direction de la radiacion en el espacio.

El valor del campo magneico terrestre se conoce con bastante exactitud,
desde Gauss, pudiendo estimarse su momento en:

Moo= 8.1 % W gy, ew®

Tambien se conoce (A. Schmidt) quo el denominado centro magnetico
no se halla en el centro de la tierra sino a 340 kms. de este centro en direccion
alos 7° de latitud geografica Norte y 160° de longitud W.

Para accrcarmos a dar .
valores aproximados a la radiacion meaf——pp-4—¥-% g ra
cosmiea an el espacio, solo podemos e e
valernos de la composition y distri- L NG
bution que llegamos a medir en la ot P il
superficie terrestre (Rossi, 1949). g
En cuanto a la distribution de la
radiacion fuera del campo magnetico
terrestre, la debemos suponer isotro-
pic a.

En base a las eonsidera- =
ciones anteriores puede ahora esta-
blecerse un problema matematico,
que se soluciona utilizando algunas aproximaciones, que solo vamos aqui a
citar, pudiendo el lector consultar la bibliografia que en cada caso scnalamos.

Fig. 9

Cuando una particula con masa m y carga C penetra en un campo
electromagnetico, de componente E y H, las ecuaciones de movimiento de a
misma pueden representarse en forma:

>
%(m:)=e(ﬁ+—'v AH)

[

en donde el primer miembrs, representa a varincion relativistics del momento,

+
>

{
desile que 2 = d

z , siende 7 el radie vector von eompunentes ¥, y, 7, ¥ cl
t

segundo, es igual a la fucrza de Lorentz.

Una solucidn del planteamiento matematico en el caso de los rayos
cosmicos, de varias particulas cargadas, conduce al teordma de Liouville.

La aplicacion de este teorema ha sido realizado eas @ mismo tiempo,
pero en forma independiente, por FERMI & Rossi (1933), LEMAITRE & VALLARTA
(1933), VALLARTA (1933) y SWANN (1933) cas todos partiendo de los primeros
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trabajos sobre el movimiento de las particulas cargadas en el campo magnetico
terrestrc, debidos a STORMER (1930) y suponiendo que la radiacion cosmica tiene
un distribution isotropica, cuando alcanza a campo magnetico terrestre.

Es conveniente el senalar que nos referimos a la radiacion primaria,
antes de que esta llegue incluso a penetrar en nuestra atmosfera, ya que para
los efectos del campo magnetico, esta es insignificante, mientras que para la
radiacitin secundaria juega el papel primordial.

Sin entrar a detallar los complejos ealculos gque requirieron a sus autores,
la determination de las orbitas de estas particulas dentro del campo magnetico,
es necesario senalar que existen direcciones en las cuales ninguna particula de
momento dado procedente del infinito podra llegar a la tierra, y por otro lado
que, la intensidad con que llegan las particulas es la misma, como si en realidad
no existiera campo magnetico con exception de su action en las denominadas
zonas prohibidas para cada momento.

De todas maneras uno de los primeros puntos para estudiar el efecto
del campo magnetico terrestrc sera el definir en formatotal, si laradiacion cosmica
llega en forma isotropiea como sostienen la mayor parte de los autores o puede
estar influenciada por otros factores como el efecto Doppler y la rotacién galaxica
(JANOSSY, 1937) asi como el campo magntftico del sol en cuyo caso la distribution
seria anisotropa. No mencionamos los posibles efectos de absorcion producidos
por nebulosas, ni una posiblc anisotropia en su mismo origen en el Universo.

Para un estudio completo de la teoria de Stormer as como de las
direcciones de penetration de las particulas nos referimos a las citas antes expuestas,
senalando unicamente aqui que las fuerzas geomagndticas originan, en las medi-
ciones de la radiation cosmica, de los denominados efectos de latitud y longitud,

as como his asimetrias Este-Oeste

B[ gawas) y Norte-Sur, una de las cuaes es
el motivo de nuestro trabajo.

Las primeras observa

/‘:'/ ciones sobre los efectos de asime-

b tria fueron efectuadas por Rossi

(1934) y JOHNSON (1933 que

observaron que la intensidad de

la radiacion cosmica que penetraba

41 ampesia) en un determinado angulo  con

by o *  relation ala vertical, eradiferente

. o, cuando se apuntaba sea, a Este

o0 a Oeste, encontrandose por los

investigadores antes mencionados

mayor mimero de particulas procedentes del Oeste. Ademas, trabajos poste-

riores han comprobado que esta asimetria, es funcion de la altura, de la latitud

y logicamente del angulo de inclination conque se media la misma

Las observations efectuadas por JOHNSON & BARRY (1939) en 1938
con un registro automatico llevado hasta una altura de 17.000 mts. y una latitud
geomagneUica de 20 grados, con un angulo de 60 grados, dieron como resultado
una a simetria de un 7% de particulas procedentes del Oeste y desde luego parecia
excluir la posibilidad de una cifra mayor de este numero, pero posteriores trabajos

He

4.y

Fig. 10
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realizados por BIEHL, NEHER & ROESCH (1949) en 1948 hallar6n una asimetria
sumamente pronunciada.

Igualmentc BARBER (1949) obtuvo una fuertc asimetria en alturas
aproximadamente de 12 kms, llegando incluso a la conclusion debida a esta fuerte
asimetria de que todas las particulas primarias estaban cargadas positivamente.
Ello, no obstante, no implicaba que debido a las dificultades de las observaciones
y otros factores no pudiese haber un 25% de otras particulas primarias con carga
negativa.

So debe ella al hecho de que en las bajas latitudes geomagneticas se
puede suponer que la radiacion cosmica tiene un exceso de particulas de un signo
determinado, positivo por ejcmplo, y que por lo tanto los conos prohibidos con
relacion a estas particulas positivas primarias apunta hacia el Este, de ahi que
tendra que haber forzosamente un niimero mayor de particulas procedentes del
Oeste. Igual consideration pero en scntido contrario, podremos apuntar para
las negativas, en el que el mayor numero de ellas por la misma teoria de los conos
prohibidos exigira que proceda del Este.

De acuerdo con ello, la asimetria total Este-Oeste, se hallard determinada
por la diferencia de las intensidades de la radiacion primaria, sea esta positiva
0 negativa.

El campo magnetico da lugar a un fuerte efecto de latitud, encontrado
primeramente por CLAY (1927).

A medida que nos alejamos del ecuador geomagnetico va aumentando
la intensidad de la radiacion, hasta alrededor de los 50°; desde esta latitud,
practicamcnte deviene constante.

Por encima de este cono del efecto de latitud, es decir de los 40 grados,
los experimentos de J. C. STEARS, D. C. FROMAN, asi con JOHNSON (1939) hallaron
asimetrias de un 20% para angulos entre 20 y 45° mientras que SCHEIN, JESSE
& WOLLAN (1941) y SCHEIN, YNGVE & KRAYBILL (1948) en un aeroplano volando
entre 50 a 54° de latitud geomagnetica y a 9.500 mts. de altura con un absorbente
de 22 cms. de plomo, hallaron una asimetria de 13% con un angulo vertical de 25°.

De acuerdo con la teoria expuesta por JOHNSON (1941), la diferencia
en las asimetrias entre las bajas y altas latitudes, y particularmente el menor
valor de la asimetria total, que se observa en las altas latitudes se debe al hecho
de la desviacion magnetica de los mesones, despues de que estos han sido condu-
cidos y distribuidos simetricamente por la radiacion primaria, asimetria que
no debcria existir si no hubiese un exceso de particulas positivas.

En efecto, la asimetria Este-Oeste en la componente dura de la radiacion
cosmica se halla interpretada actualmente por casi todos los tratadistas (Johnson,
Blackett, Rossi) como producidos por la desviacion do los primarios, en mayor
abundancia positivos, en este campo magnetico terrestre.

Suponemos la conservation de la direction con que penetra la radiacion
primaria, para las interacciones que originan las familias secundarias y tercearias,
de mesones 7 y U respectivamente, lo cual es practicamente cierto debido a las
energias considerablemente grandes a que tienen lugar la creation de estas familias.
La medicion que se efectiia en la asimetria de las particulas de esta naturaleza,
representara, como antes sefialabamos el comportamiento de la radiacion que la
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ha originado. Estas conclusiones se refieren solamente para los efectos geo-
magn6ticos de la radiacion penetrante para alturas normales.

La asimetria para un momento dado con relacion a una direccidn
inclinada (zeta) de la vertical se representa por:

1,(8) — Ix(8)
@+ Is®)

donde lp (0) es la intcnsidad en una direcci6n y sentido, mientras que
Ie (@) corresponde a la direccion opuesta, Oeste y Este, respectivamente, para
el angulo @ (zeta) de lainclinacion del equipo con relaci(5n a la vertical.

Quiza quepa aqui la discusion de uno de los muchos problemas pequefios,
pero no por eso menos import antes, con los que se tropieza en un experimento
de esta naturaleza. Vamos a considerar, en efecto, €l error que se introduce
en la asimetria total, como consecuencia de una pcqucna desnivelacidn en los
electroimanes del equipo; desnivelacion, sa dirigida hacia el Este o a Oeste
del mismo.

Supondremos que, para el caso de peguenas variaciones, este efecto
sera el mismo que el obtenido por una variaeion, tambien pequena, de las medidas
obtenidas en las direcciones &, #g del ecuiipo.

Como antes se ha indicado, la asimetria Este-Oeste se mide por
la cantidad:

Al =2

fo(8) — I5(0)
In@®) + 126

Si el equipo esta apuntado en la posicion V, en la que el brazo derecho
correspondent a la direccion Este y el izquierdo a la Oeste, y representando por
. ¥ 8a los angulos verdaderos zenitales, que tienen respectivamente los lados
gue apuntan a Oeste y Este, y por &y €l angulo deseado, que es igual para ambos
lados, se observa que:

Alg) =2

cos™ 8,
coa™ Bon

Io (8,) es proporcional » Jf, {p)

cos™ 8o
cos"t ﬂm

I g(ﬂﬂ) ez proporcional 2 . {(p)
donde f1(p) y fo(p) son los valores de la antes mencionada funcion j(p), en las dos
direcciones, despreciando la diferencia en g, puesto que esta no nos interesa.

En una regidn alrededor de ;= 8y e prede eseribir aproximadamente,
cos™@ _ —m N1 I:_!‘_l_ 0™ @ ] AR } -
fovereras i cox T By {ms o + T (cow™ 8,,) 8y = o
05 ™™ Bpg §cos™ Gy — 1y c08™ " Byo in Ogp Al ] = 1~ nry 1y 0o A0y,

donde A8, es unu pequeda variacion en &, ; es decir,
0y = fon + 4B,

cos™ By

— = ] — 1y i Oy B .
e 2 1 Oop @,

Igualmente:
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Ahora bien, si la base del aparato se inelina 2 ym dngulo ¢ hacin el iste, tenemos:
M =—¢, Alp=+e.
Con una subsiilucidn sencilla, re ilogn o

(1) < gh@ (4 meto ) — Lo () (L~ noe ty e}
Alto) = 27 (p)(! et ) F Lo () (1 = nae g )

hep) = 10 + [ di(p) + mafa(p)l ety by
fi (P) + i)+ A E) — e fe (ol e i b
Teniéndose en euenta que fy{p) ¥ f.0p) son del mismo orden, e iguulmente para

ny iy, vopor eso gque v f(p) — e fulm) << )+ L (P, T cenagidn arviba
puede ponerse en lu forma siguiente:

Jip) - Rip) + !{“IJI {p) + nafulpl ~ ?Ez}fi{(’:’) b

frlp) + fulpl

j(?’) 1(p) _ 1} — b)Y )
ITr ey ARG "‘“'[' (h(p)H:(pJ”

El primer l.érmina e la usimetrin verdadern ol Angulo 8y, o5 decir,
la que se mediria si 8, ¥ 8, fueran cxactnmente jgmles 2 8y ¥ por eso lo
Bamaremos Ag(B). Tenemos entotiees:

1!1 - myf (?‘]I}“’H B

A8g) = Ao(ﬂm) + (n. + i) e by Oy ll - [—EM} !

donde el segnndo término s el ertor en o medida, debido a la desnivelaelin ¢,

El error relative os:

A () — An{B) _ (1) + 1o} € fan By {[ _ [‘40(8”"”2}
Ag (B Ao (Bl 4

En casi todos los egsos interesantes, :ly{f) < .5, v por eso:

ERCMIS
T << 1.

=

Una buen: aproximacion oy, entonees:

{ni + n) ety B

K=
A {Bon)
Supongamos, por ejemplo, (que
Ag(Bo) = 0.20
b =45" v gy =1
m t =4
e= = ‘3!,; rad .
En oste cann:
peaXl _g3s

67X .2



ASIMETRIA DE LOS MESONES 45

El error absolute es de 0.35 X 0,20 = 0.07; o sea que con una desni-
vclaeion de un solo grado, el aparato nos da una eifra de 0,27 en vez de 0,20; lo
cual para csta clase de mediciones es considerable.

Otro problema que tambidn es necesario por o menos mencionar es el
debido a la estadfstica en si.

El error estadistico en un niimero arbitrario de contaje N, es VN,
siendo el error relativo V' N {¥ = l,l’v’N

Representando por R y r los errores relativos y por E y e los errores
absolutos y considerando que los errores aritmeticos obedecen a leyes conocidas
tend remos:

2 2 H -
B2 = & 4 ¢} pura sumas y difercncing
b 2 ] f
B = ri + 7z pura productos ¥ cocientes.

Los edleulos para ln ashinetrin se efectuan como sigue:

donele Ny v Ny representan el nimers de particulas medidas en direceidn Oeste
y en diveccion Fste,

Eu ol numerador: E, = {?—{—rj
Iin el denominador: £, = \‘rﬁq—_q}; k=K
Puree la ecantidad total:

R=F+1
Ahora:

K . B
No—Npg N, ¥ ¥ MTNFNg

L

Por ellu;

T . 1 ) _ I i
k= \/(;vu N T W+ Nap

Obsérvose que: o
co=VN, ¥ tg=VNg
Ny

.
=N, v &

e

-
Al substitnir encontramnos que:
B = VN, +Np obteniendo por tunto:
VN, + Ng J ' "_('E"'--—_.T\Q)' 2 JqT 2
=0T ¥ u = [+ = ———
e Y TN TN TiVE R Y T T AV TN,

¥ por tanto:

2

E=ld =75 Ty
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Si deseamos, por ejemplo que nuestros datos para E tengan mi valor
de 0.01, la suma ¥y + Nz sera de 40.000. En Chacaltaya, colocando el teles-
copic con 45° deinclinacion, parael canal de alto momento, el numero de particulas
que llegan, Ny + Ng, es aproximadamente de 30 por hora. En otras palabras,
se requieren unas 1300 horas de datos pra cada tipo de particula, sea positiva
0 negativa o un total de 2600 horas para completar el experimento. Suponiendo
y dadas las condiciones de trabajo, com motores Diesel, es bastante proble-
matic, que se tomen 20 horas de datos por dia se requeriran algo asi como 130
dias, 0 sea mas de cuatro meses.

Despues de las consideraciones anteriores, daremos ahora cuenta de
los resultados obtenidos hasta la fccha con nuestro equipo; separando la fase de
Echo Lake, de la que se viene haciendo actualmente en Chacaltaya; de esta ultima
apenas s hablaremos, pues como se puede deducir de los parrafos anteriores el
numero de horas de trabajo es insuficiente para sacar ninguna conclusion, incluso
de caracter provisional.

Con unas 1300 horas de datos, tornados en Echo Lake (Estado de
Colorado — E.E.U.U.) a una altura de 3240 metros y a una latitud geomagntftica
de 49 grados Norte (nritese que nos hallamos sobre la llamada "rodilla" del efecto
de latitud) se halla una asimetria aproximadamente igual para los mesones
positives y negativos, siendo distintas, solamente en su signo; es decir, la asimetria
de los positives favorece a Oeste, mientras que, la de los negativos, 1o es para €l
Este.

Estas asimetrias se deben al efecto del campo magnetico terrestre sobre
los mesones mismos, despues de su produccion por los rayos primarios y sin que
por lo tan to, nos senalen asimetrias en estos ultimos.

Las cifras obtenidas fueron aproximadamente:

129 pary el canal de alto momento,

e >« = » bajo momento.

De estas, la segunda representa un numero muy reducido de datos y
por ello contiene un error estadistico bastante grande.

Tambien es del caso seiidlar que estos resultados no toman en cuenta
los efectos de la dispersion (scattering) de los mesones en el hierro del selector
magne*tico.  Las cifras que mencionamos estan en concordancia con los resultados
de GROETZINGER & MCCLURE (1950) obtenidos con un equipo similar en e mismo
punto.

Teoricamente, cuando no hay campo no puede pasar ninguna partfcula
que haga contar el equipo; pero, no obstante, se observa que, sin campo hay un
numero considerable de datos (alrededor de latercera parte del numero de los regis-
trados con campo). El efecto, se debe precisamente a la dispersion de los mesones
y ello nos indica que tambten cuando esta funcionando el campo, tendrcmos un
numero de pulsaciones debidas a este mismo fentfmeno de la dispersion e cual
se origina en las desviaciones que experimentan los mesones a pasar muy cerca
de los nucleos de los atomos de la materia. Hasta la fecha, no hemos llevudo a
su termino los calculos debidos a este fenomeno y su correccion, serd expuesta
oportunamente.
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En Chacaltaya y hasta la fecha se tienen datos de unas 300 horas, sin
campo magnetico en su mayor parte, y destinados prccisamente a efectuar la
correccion por dispersion que arriba se senala.  Para concluir esta primera parte
de nuestro trabajo y con 61, el presente escrito, solo diremos que, estos datos estan
de conformidad en cuanto a numero, de contgjes, por hora, con los que se podia
esperar, dada la altura y ubicacidn geomagndtica del Laboratorio.

APENDICE N.° 1

Los grdficos que se presentan a continuacion, representan los circuitos
mas sobresalientes del equipo electronico en funcionamiento. Con el fin de
simplificarlos estan incompletos y solo hacemos referencia a las partes que consi-
deramos mas interesantes en cada uno de ellos:
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Esta fuente proporoiona un voltaje constants do 300 voltios, con una carga variable
entre 0 a 300 miliamperios.
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El amplifieador mismo no roquiere explicacion adicional aKUtia La siguiente etapa,
|lamada disparador, sirve para iniciar la accion del oscilador del bloque pasando, una corriente
relativamente pequena por el primario del transformador de pulsos. A partir de este pun to la
accion del oscilador es uti fenomeno eomplejo que sale en su discusion fuera de este marco; lo que
interesa es que ocurre una accion regenerativa entre la placa do la valvula, produciendoso al
catodo una pulsacion cuadrada de unos 90 voltios, con duracion do 2 microsegundos.

FUENTE DE ALTA TENSION REGULADA,

DE'RADIOFRECUENCIA

Solrde
- 2
soan) roex ?
-2|-3
03 a1
T FITE e | » o
- "-f‘_: i: -
- AE s son
Sooov
gnz
L.
A

AA: Oo crecais oo cgwﬁwﬁ'!.

Se utiliza para evitar el empleo de transformadores pesados con gran blidaje aislante,
condensadores e induetancias elevadas en el oseiloscopio. La lampara 6 V 6 actua como oscilador
de radio-frecuencia, en virtud de las partes L-|1 y L-2 de la bobina; eon las partes L-3y L-4
respeetivamente se forman los voltgjes para el filamento y la placa del rectificador 1 B 3. La

frccuencia empleada es del orden de 300

Kc.




CIRCUITO DE COINCIDENCIAS
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Para su funcionamiento, se basa en los siguientes heehos:

1) La impedancia de un dirtdo electronic, es unos 200 ohmios en un sentido y
prdetieamente infinita en el otro.

2) La impedancia de salida de un "eatodo follower" es muy baja, del orden 1/gm
de lavalvula.

Cuando el circuito recihe una sola pulsation, de entrada, no actua en forma ninguna
en su etapa de salida. En nuestro diagrama pata que esta ultima etapa actue debera recibir
en forma simu tanca una pulLsacion doble en la entrada; en el equipo real se emplearan triplet
y cuadruples coineideneias, que podriamos poner en el diagrama con vdlivulas T- 1c, T- 2e;T-1 d;
T - 2d , ya que este circuito pede funcionar con cualcuaquier numero de diodos en la grilla de
la etapa de salida.
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Sirve para transformar una pulsaeion euadrada positiva de unos90 V. y 2 microsegundos
en otra de mayor amplitud y duration que a su vez mueve el registrador mecanico.

El disparador se utiliza solo para iniciar la action del univibrador, siendo este
posteriormente  independiente de aquel. El univibrador tiene una position ratable y otra
metaestnble; cuando se inicia la action el pnsa, desde su position estable hasta la metaestable
y alii permaneee un tiempo determinado estabeleeido, por los valores de his resistenctas del
circuito, volviendo despues a su periodo inicial. Asi se produce una pulsaeion positiva de la
Iong|lud que deseamos esta; dirige la grilla de la etapa do salida, que normalmente no conduce.

— 4 —
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Se usa indistinctamente con lamparas 6 SN 7, 6 S L 7, u otras segun se desean resist rar
pulsaeiones de alta o baja frecueneia. Solo empleamos nosotros las dos dases antes citado con
las rcsisteneias que se mencionan en cada caso. Estos circuitos tienen dos posiciones eatables
en cada una do las cuades una do las valvulas conduce y la otm no. Fl diodo doble, sirve para
scleccionar pulsos negativos, no respondiendo a los positivos. Se pueden conectar estas etapas
en cadena, dando cada una a su salida, la mi tad del numero de pulsaeiones que entran; con ello
sc puede hacer que, en base a 5 etapas, se consigna una disminucion con un factor de 32 sobre
el numero total de las pulsaciones y la salida de la ultima etapa sirve generalmente para accionar
un registrador mecanico. La lampara de neon atua coino indicador para la interpolacion.

LEYENDA DE ABREVIACIONES
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El numero que aparece despuc's del valor de laresisteneiasignifica, su disipacion nominal
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Properties of Mixed Showers

G. SCHWACHHEIM AND A. WATAGHIN

Departarnento de Fiaica, Faculdade de Filosojia, CUncias e Lelras,
Universidade de Sao Paulo, Sao Paulo, SP., Brasil

Measurements with counter arrangements were made in Peru (4500 m
altitude) and in Sao Paulo (700 m altitude).
The principal problems investigated were:
a) the density spectrum of atmospheric showers.
b) the percentage of penetrating particles present in the
showers, in several density regions.
c) altitude effect.

The master arrangement consisted of four trays of counters located
along the sides of a square and shielded by 20 cm Pb. The length of the sides of
the square was 1,0 m. Fourfold coincidences among these trays were the master
counting rate. The resolving power of the coincidence set was 5 microseconds.
Fivefold coincidences Cs and Cs between the master arrangement and additional
trays, one shielded by 20 cm Pb and the other unshielded, located in the center
of square, were also registered.

We shall first briefly describe what methods were used.

The counting rate C, of 1 non-screened trays of counter in coincidence
can be written as

¢, (8) = [m FEYO —e )6

whore & is the aren of each teny, § i the density and F{8) «§ i the number of
incident showers with density hetwren & and &+ 8

The coincidenre counting rate €5 of 4 teays, each of aren 8y shiclded
by 200 em of lcad will be

(_.;t (S;;} - j; I"(E} (I " "..iy h'H)l dé

If o surface Sy is found hy trial such that TS = € (8) we zhall have
8y 8y =88 and therefore 8478 = S/8y;. The ratio §; /5, which we eall &, is the
pereentege of penetrating particies present in the showers.  This we shall eall
briefly method of equal counting rates.  This methoed was employed by sk &
Frerren (1949) who worked st 3000 m and by ux in this work. They found 2,5%
and we found 294 at hoth altitudes investigatnd, These results nre in agresment
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if we take into account statistical errors and differences in the geometry of the
experimental arrangement. The hypothesis that the density spectrum F{3) is
described by a power law of the type & ¥ has been aready checked, for electron
showers by COCCONI ET AL (1949), ISE & FRETTER (1949) and others, and for
penetrating showers by ISE & FRETTER (1949) and by ourselves in this work.
The method used for this check isto vary simultaneously the areas of all counter
trays. The value of ¥ we obtained for penetrating showers by this method was
146 + 003 in Morococha and 150 + 0,11 in Sao Paulo. FRETTER found at
3000 m 16 but this arrangement was geometrically somewhat different.

A second method of determining k is to have an extra tray of counters
not screened in coincidence with the screened master. The ratio €5f€%f and y allow
us to calculate k in the hypothesis that k does not depend on the density of the
showers. We shall call this method for brevity the fifth counter method. This
method has the utility of showing whether penetrating atmospheric showers
exist with much greater k than 2%. This second method was employed by us
in the experiment now reported. MCCUSKER & MILLAR (1951) used recently
a similar arrangement but the analysis was made by them on a somewhat different
basis. A third method, similar to the one just described, but which depends
less on the form of the density spectrum, is to measure also the five-fold coincidences
C" between the master and a screened extra tray. The comparison of C" and
Cs allows us to calculate k. This method, which we employed simultaneously
with the method of the fifth counter confirmed its results. Our measurements in
different density regions did not show any appreciable variation in the percentage
of penetrating particles. This percentage was found to be (3,6 + 0,4) in S. Paulo
and (2,05 + 0,14)% in Peru.

We call the attention to the fact that at low altitude (S. Paulo) there
is a difference outside statistical errors between the values obtained by the methods
of equal counting rates and of the fifth counter.

At mountains altitude, Morococha, no such difference is found.

This indicates that at low altitude, one of the hypothesis needed for the
application of the methods given above to penetrating showers, namely the cons-
tancy of k, is not valid.

In order to explain the discrepancy one has to suppose that besides the
showers having k = 2% there is at low altitude, a certain number of penetrating
showers with very few electrons. This conclusion is in agreement whith the
results obtained by MCCUSKER & MILLAR (1951) on somewhat different grounds.

These extra showers present at low altitude, could be, as suggested by
MCCUSKER & MILLAR, tail ends of normal extensive showers, having the electrons
been absorbed during the development of the showers in the atmosphere.

We want to notice that from the registered density of electrons, which
varied from 1000 to 6000part. m~? one can estimate roughly that the mean energy
of the showers was very great, of the order of 10% ewv.

Another result of the experiments is that the apparent mean range
obtained from the altitude variation of the penetrating showers, is
1031 * 2,0 gr. cm"2.
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But the real mean range must be much less, perhaps of the order of the
geometrical one, because the showers must be produced at high altitude above
the arrangement.
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DISCUSSION

PIKRONI:  Gostaria de saber o tipo do contadores que os scnhores usaram.

A. WATAOHIN:  Contadores de eatodo oxterno, tipo Maze.

PIERONI:  Que tipos do ouidalo tinhanv para roduzir a influencia da temperatura nas
indieacoes dosses contadores? O Laboratrtrio era agueeido? Faco a pergunta porque con.
tadoros, com uma variacao de 5 grans ni temperatura, caem eompletamente fora do "plateau".

A. WATAOHIN: Era agueeido, mas era mantida permanentemente a temperatura de
15, 20 graus; tinhamos terniometro.

PIKRONI: Uma variacao de temperatura nos contadores expliea muitas variacoes
aparentemente devidas a altura.

A. WATAGHIN: Isso foi exeluido.

VALLARTA: Hay quo tomar precauciones muy espeeidos con en tipo de contadores
para asegurar quo no haya errores do temperatura. Por gjemplo, en la ciudad de Mexico, donde
la variation diurna de temperatura es do alrodedor de 15° os absolutamento imposible roalizar
esta clase de temperatura si no se toman precauciones muy ospcciales para asegurar la constan-
ea do la temperaturadontro del laboratorio, pero entiendo por laexplication del prof. Wataghin
que estas precauciones fuoron tomadas en este experimento y de manera que no hay que
sospochar la oxistencia do errores de temperatura aprociablos.

A. WATAGHIN: Nas ocasioes cm que nos tivomos tomporaturas extornas baixas fo*
aqueeido. Isto 6 0 quo posso dizer.

ESCOBAR: Por ojemplo, nosotros tenemos en Chaealtaya tcinperaturas sumamento
bajas, al exterior tenemos — 17" pero para todos los contadores tomamos siompre la precaution
do quo los contadores ostein siompre a tomporaturas "standards’, Bueno, nuestro caso es muy
fdcil, pues ei mismo campo magnetico esd' gonerando la temperatura mas 0 menos constanto
y antes do unas 4 o 5 horas do que pongamos a funcionar las altas tonsionos para los contadores
tonomos la precaution do quo este funcionando ol campo, do manera quo siompre edd' a tempe-
ratura constanto, pero en este caso por ejemplo tambien imagino yo que on el Peru, Uds. estan
trabajando on condiciones similaros y los contadores ostarfa na tomperaturas do la habitation,
nunca a tomporaturas inferiores,






El Espectro de Energia de la Radiation Cdsmica Primaria
Determinada por las Intensdades de Neutrones
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Usando las medidas de la intensidad do neutrones de J. A. SIMPSON
y suponiendo que hay proporeionalidad entre el nuniero de neutrones medido
y el niimero de protones primario, el espeetro de energia de la componente de
protones de radiaeion eosmica primaria puede determinarse por metodos bien
conoeidos. Si el espeetro se escribe en laforman = K/E' (n, numero de protones
primarioy E, energia), el analisis da como resultado que y aumenta del valor 1.18
en la region de baja energia (1.3 a 4.3 Bev) a 1.82 en la region de energia alta
(4.3 a 14 Bev). Esto esta de acuerdo con los result-ados obtenidos con medidas
de particulas secundarias cargadas a alturas que se pueden aleanzar con globos
sonday cohetes. Esto indica que la componente neutronica se debe efectivamente
a la componente protonica primaria.

DISCUSSION

G. WATAGHIN: What is the altitude at which the data on the intensity of neutrons
wore taken?

VALLARTA: These are most ly airplane altitude experiments made at about 8.000 meters.

G. WATAGHIN: Some calculations on this neutron intensity made in Turin show
that in higher altitudes there is a continuous production of neutrons derived from high energy
protons. Probably one should take into account, also this point.

VALLARTA: I think you are quiteright, if you take the results of the recording stations.
At present there are three stations —- there is one in Huancayo (Peril), one in Mexico and one
in Chicago. If one takes the results of these three stations there are only three points from
which one obtains values of the exponent gamma. These stations are between 3.000 and
2.200 or 2.300 meters, so that it does not touch your point at all.

MOLIERE: Inmy talk I win describe calculations on the development of cosmic radiation
in the atmosphere where we have taken into account the much lower values of Y in comparison
with values formerly assumed. Only at higher energies we took the same value for 7, 18
for the integral or 2,8 for the differential spectrum. We have a law which is not of the form
of a power law, but that asymptotically goes into a power law. At large energies, higher than
14 Bev, the asymptotic law is reached. At about 30 Bev or higher, the power law of 18 for
the integial spectrum is approximately valid and & a whole we get good results with our
assumption of an asymptotie value of the exponent in agreement with that formerly assumed.
I would like to ask you whether you have any objections against the assumption of a power
at such large energies?

VALLARTA: What seems to be sure is that the energy spectrum at low energy is flatter
than it is supposed to be. At very high energiesit seems that very high energy particles should
be scarcer if the exponent was 2,8.
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MOLIERE: According to our results, which have not yet been published, | have not
that impression.

WIGNER: | think it is clear that the exponent 7 must increase with increasing energy
because otherwise either the total number of cosmic ray particles would be infinite or the total
energy would be infinite. In fact, it is clear that it must increase altogether by more than one.
The question is whether the increase of the exponent which is observed here is connected with
this necessary increase of this exponent. Or do you think that the decrease and increase take
place at lower and higher energies?

VALLARTA: We cannot answer this question in final form but the evidence is that
what you have said is true, that is, the exponent goes up as the energy increases. The curve,
the spectrum, becomes flatter as it goes to higher and higher energies. As regards the question
of infinite number of particles of low energy, of course, one never goes to zero energy, that is
E, is always a cut off except at the pole where one gets all kinds of energies. There one must
expect only that the spectrum must be very much flatter than it is elsewhere, it is bent back.
But of course that is not known. That is all surmise.
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Qualitatively, the main features of the bulk of Cosmic Radiation, i.e,
the nature of the particles constituting the different components and the
mechanism of their transmutation and development in the atmosphere, are at
present well known. Moreover, quantitatively, we know with more or less
accuracy, the energy spectra of the different components including that of primary
Cosmic; Radiation (i.e. the spectrum of primary protons and of the nucleons
contained in primary heavier nuclei), which has been explored by recent
experiments with rockets, balloon flights, etc. So it seems a worthwhile task
to give adeductive quantitative mathematical description, as complete as possible,
of the development of Cosmic Ray components in the atmosphere. This is what
my friend Budini and i have tried to do.

The starting point of our theory is the spectrum of primary Cosmic
Radiation, which Professor Vallarta spoke about in his preceding lecture. As
he pointed out, this spectrum, at least at not too high energies up to about 15 Bev,
shows a much slower variation than had formerly been assumed. This behavior
of the primary spectrum at lower energies has been taken into account in our
theory and turns out to be of great importance in the interpretation of experimental
facts. At higher energies we have much support in assuming that the more
rapid variation according to a power law of an exponent of ~ 1.8 (for the integral
spectrum), which formerly had been assumed to hold throughout the whole
energy range, remains valid as an asymptotic law. As a representation of the
integral primary spectrum (i.e., the number of primary particles whose energy
exceeds a certain value Ep), we used the formula:

AL (E + B)_"s [s!rrmrl se ! rm_zj

where the constants .4 and B are chosen to fit with experimental data. By
intervention of the constant B, which is of the order of 5 Bev, the flattening-out
of the spectrum at lower energies is described. A graphic representation of
our law for the primary spectrum is given by Figure 1, in double logarithmic
scale, where the dotted straight line corresponds to the asymptotic 1.8 power
law, while the curved part of the graph describes the slower variation of the
spectrum at lower energies.

Radialion:!-,h%ngqg, rg?irted here will be published in detail in W. Heisenberg, "Cosmic

nger-Verlag, in the press Parts of the paper will do gppeer in
Nuovo Cimento.
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The particles (mainly protons), which constitute the primary component
and which on their way from outside the earth, penetrate into the atmosphere,
give rise there to the various processes of transmutation by which the different
components finally are created, which we observe, for instance at sea level, as
"Cosmic Radiation".
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To give a survey of these processes let us consider a single primary proton
of energy E, which on its way through the air after traversing a certain path
length, will undergo a collision with an air nucleus. The average value of this
path length according to the geometrical cross section of the air nucleus,
corresponds to a layer of about 60 gr/cm’. In this process a shower of particles
is created which are, on the one hand, nucleons pushed out of the air nucleus,
and on the other hand, T — mesons, which in the strict sense of the word, are
"created" by this collision. The average energy distribution of these two kinds
of particles created by a single collision, may be described by the "creation
spectra” f, (E, E) dE and f, (E, E) dE, respectively.

The nucleons, arising from this first collision will make further collisions
by which once more nucleons and m — mesons are created, and so forth, so that
the whole process develops through the atmosphere in a kind of cascade.

Also the charged m — mesons are able to make collisions of the same
kind, with production of further nucleons and x — mesons. Besides this, as a
competing process, they can undergo the m — u — decay which, at lower energies,
is the predominant one, while at higher energies (beginning at about 100 Bev,
because of the relativistic increase of life-time), most of the ; will collide with air
nuclei and so will participate in the above described "nuclconic cascade”. For
the particles or component playing a role in it (i.e., nucleons plus those -/ — mesons
which collide before decaying), the common name of 'W-particles" or
"N-component” is used.
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This N-component, developing through the atmosphere by the
mechanism of nucleonic cascade, may be considered the "skeleton" of Cosmic
Radiation in the atmosphere, in so far as all other components are derived from
it as secondary. So the p component is originated by 1 — p — decay of the
charged m — mesons (viz. those which don't collide before decaying), which are
created by collisions of the N-particles. Similarly, the electronic-photonic
component in the higher atmosphere is initiated by the decay photons of neutral
m — mesons, the latter being created in the same way as those charged.

So the first thing we have to do, according to the mechanism of the
nucleonic cascade, is to calculate the energy spectrum of the nucleonic component
in its dependence on the atmospheric depth, starting from the primary spectrum.
The resultant nucleonic spectrum will serve us as the source from which the spectra
of the other components have to be derived.
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In performing these calculations a general procedure, based on the
extensive use of a folding theorem was adopted which is equivalent to, but much
simpler than the usual method of solving diffusion equations.

Two simplifying assumptions (which are common to most of the previous
work on the nucleonic cascade) are involved in our method: the first is the neglect
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of all angular deviations of the secondary particles from the direction of
the primaries, which is good for sufficiently high energies. The other, which
is most essential, is the assumption that the above mentioned "creation spectra”
are "homogeneous" (or what is sometimes called in literature, "Bremsstrahlung”
— type), meaning that these spectra may be written in the form f, (&/E,) dE(E,
and f.(EfE))dE{E, depending only on the fraction of the energies of the created
and colliding particles. We have support for believing that, for sufficiently high
energies, (compared with the rest energy of the particles in consideration), this
assumption of homogeneous creation spectra is at least a good approximation.

For the special form of these creation spectra (about which not much
is known as yet, theoretically as well as experimentally), we used simple analytical
"Ansiitze", depending on some parameters which arc determined numerically
later on by comparison of the results of our calculations with experimental data.
It may be noted that our result, so obtained, for m — meson creation spectrum
agrees well with Heisenberg's new theory of meson production, which, particularly,
leads also to a homogeneous creation spectrum.

The assumption of homogeneous creation spectra has mathematical
consequences, well known from cascade theory, which are of importance for
the interpretation of certain experimental facts. Suppose a primary component,
the spectrum of which is of power form, produces a secondary component by
some process which is described by a homogeneous creation spectrum. It follows
that the secondary spectrum is of the same power form. Furthermore, if the
process under consideration is a complete cascade process, in some material,
it follows that the spectrum is absorbed exponentially.

Now, these two facts: reproduction of a power spectrum and exponential
absorption, are just what is found experimentally, not over the whole energy
range, but asymptotically for large energies and great depths in the atmosphere.
Here we have the justification for two of our fundamental assumptions: the
asymptotic power form of the primary spectrum and the homogeneousness of
the creation spectra.

Our statement about the reproduction of a power spectrum by a
homogeneous creation mechanism remains valid, with a slight modification for a
spectrum which is only asymptotically of power form at high energies and varies
more slowly at low energies, as our primary spectrum does. In this case the
shape of the whole spectrum, including its slowly varying low energy part, is
approximately reproduced with the modification that this part is shifted towards
lower energies in the secondary spectrum. This behaviour can be understood
from the degradation of energy by the creation process. In the case of a cascade,
the shifting of the flatter part of the spectrum increases with increasing depth.

An illustration of this behaviour of a cascade spectrum is given by Fig. 2,
where the results of our calculation for the spectra of the nucleonic component
at different atmospheric depths are plotted in double logarithmic scale. (The
figures attached to the curves refer to the depth in gr/cm’).

In Fig. 2 are also included all available experimental data for the
nucleonic spectrum. The latter were obtained from the data for the protonic
spectrum, (PUPPI A DALLAPORTA, 1952) directly given by experiment, by adding
a correcting factor 2, corresponding to a 1:1 ratio of neutrons: protons. It should
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be kept in mind, however, that this ratio, which is one at higher energies, has
a larger value at lower energies (- 2 Ber kinetic), because of the intervention
of ionization loss for protons. The experimental points in Fig. 2, therefore,
are too low at low energies. On the other hand, our theory is only valid at
larger energies {2 2Ber kinetie), where ionization loss and other complications
intervening at low energies, may be neglected.
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account the participation of m-mesons in the nucleonic
cascade. Circles: experimental dates.

Theorelical resnlis:

Good agreement between theory and experiment, therefore, can only
be expected for energies starting from about 2 Bev. Unfortunately, experimental
data at those large energies are rare. But, from a look at Fig. 2, one has the
impression that, with increasing energies, the experimental data (except those
at the greatest heights, which are very rough and uncertain), tend asymptotically
to our theoretical curves, and this is the best fit to be expected.

This fit was obtained by special choice of the above-mentioned parameters
describing the creation spectrum for nucleons. Together with the requirement
to give the right asymptotic absorption length these parameters could be fixed
rather definitely. The information so obtained, with regard to the nucleon-
creation-spectrum, may be described as follows: In a single collision with an
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air nucleus, 80% of the energy of the colliding nucleon is transmitted to the
nucleonic component. The shape of this creation spectrum is of the low
multiplicity type, compatible with the picture of "plural production" for the
nucleons emerging from such a collision.

It is of interest to discuss our results on the nucleonic component under
the aspect of absorption lengths, since this quantity has frequently been determined
by experiment.

As aready pointed out, at large energies the absorption is exponential,
which means that there the absorption length (i.e., the inverse of the absorption
coefficient), is constant. The same is no longer true at smaller energies. As
a consequence of the said shifting of the slowly varying part of the spectrum
toward lower energies, which shifting increases with increasing depth, the
absorption length of the nucleonic component will increase with decreasing energy
as well as with decreasing depth in the atmosphere. This behaviour is in general
agreement with the experimental findings, which are plotted together with our
theoretical curves in Fig. 3. (Cf. for instance the three results of Camerini and
co-wgrkers, denoted by "0" in Fig. 3, which agree well with our curve for 310
gr/cm?®.)
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Experimentally much better known than the nucleon spectrum is the
spectrum of p- mesons. Starting from measurements of the spectrum of the
p-component at different heights (partly performed by himself, and partly by
other authors), Sands has derived the so-called source spectrum of the p-mesons
(i.e., the number of them created in a certain layer of the atmosphere). In Fig. 4,
Sands' results and ours for the p-source spectrum are compared. Theoretically,
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as a consequence of a homogeneous creation spectrum for the m-mesons, the
u source spectrum is a direct reproduction (shifted toward lower energies), of
the nucleonic spectrum. According to our calculations, therefore, the p-source
spectrum is of the same asymptotic power form at large energies as the primary
spectrum and has, again, a more slowly varying part which is increasingly shifted
toward lower energies with increasing depth. The latter feature is not correctly
described by the curves of Sands, who, as a simplification in his calculations,
assumed a constant absorption length, so that his spectrum appears exactly
reproduced, without increasing shifting, in different depths. Nevertheless,
it was possible, as Fig. 4 shows, to get an excellent fit between Sands' and our
curves in the higher atmosphere where most of the p- mesons are produced, while
in the deeper atmosphere the agreement is as good as can be expected.

This fit, as well for the asymptotic power part at high energies as for
the more slowly varying low energy part of the p-source spectrum, was obtained
by determining numerical values for the two parameters describing the above
mentioned creation spectrum for sm-mesons, the result for the latter being as
follows:

(i) The shape of the m-creation spectrum, as already mentioned, is
in good agreement with that given by Heisenberg's new theory.

(ii) The average energy fraction, transmited by a single collision of
a nucleoli with an air nucleus to the created m- mesons, is
about 20%.

The latter result is of interest with respect to the question of energy
balance in cosmic radiation. Together with the corresponding result for the
fraction of energy of a colliding
s nucleon transferred to nucleons,
viz. 80%, it shows that our
picture, according to which only
two kinds of particles (viz.
nucleons and m — mesons), are
created by nucleonic collision, duly
accounts for the conservation of
energy.
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come into play. The question of k-mesons will be discussed later on in this
paper.

— 5 —



66 P. BUDINI AND G. MOLIERE

Sands' curves for the g source spectrum, as represented in Fig. 4, are
somewhat smoothed. Really, Sands found an anomaly consisting of a sudden
change in slope at a certain energy as shown by the curve "S" in Fig. 5. Our
explanation for this anomaly is based on the fact that the spectrum of primary
protonsis cut-off at a certain energy by the geo-magnetic field, while the following
generations of the nucleon cascade extend continuously toward smaller energies.
As a consequence of these facts, the one part of the source spectrum of p-mesons
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which is produced by collisions of primary protons will fall off rapidly with
decreasing energy, while the other part of it, which is due to the following cascade
generations of the nucleonic component will, on the contrary, increase with
decreasing energy. At small atmospheric depths, where most of the ju-mesons
are produced, the contribution of the first part will surpass that of the other



COSMIC RAY COMPONENTS 67

at higher energies, while at lower energies the latter part will preponderate.
The anomaly in form of a sudden change in slope will occur approximately at
that energy where the contributions of both parts are equal.

On the basis of this idea we calculated the p-source spectrum for an
atmospheric depth of 120 gr/cm’, the result being represented by curve T in Fig. 5,
which, in fact, shows a behaviour similar to Sands' curve. The similarity would
have been still more pronounced at a lesser depth of about 00 gr/cm’, where the
spectrum of primary protons is still more predominant.

It should be noted that a similar anomaly has been found by Camerini
and co-workers, for the m-source spectrum.

The correctness of our explanation of Sands' anomaly could be checked
by measurements at different geo-magnetic latitudes.

Our above described results concerning the components of nucleons
and of p-mesons are much confirmed by the application of our theory to the
electronic component in the atmosphere. P. Budini calculated the total electronic
intensity as a function of the atmospheric depth, the results being given by Fig 0.
The experimental results are represented in Fig. (> by the full curve with the
two branches "En” and "E", denoting the data of Rossi and Pomerantz
respectively, at great heights. The two dotted curves "n," and "m," give the
theoretical result for that part of the electronic intensity which is due to the
decay of neutral ;- mesons, the difference between them consisting of two different
assumptions, viz. 1 Ben and 2 Bev, for the threshold energy for m-creation.
The dotted curves "Z” and "S" respectively, denote the contributions of decay
and knock-on electrons of p-mesons. The sum of the different contributions
is given by the dash-dot curves "T, and "T,, differing by the two assumptions
about the threshold. As Fig. 6 shows, there is excellent agreement between
the theoretical curve T, and the experimental results at great heights, especially
those of Pomerantz.

It should be emphasized that the calculations of that part of the
electronic intensity which is due to the decay of neutral m-mesons, assuming
that the numbers of neutral to charged m-mesons are 12, was based on the same
creation spectra as used before with the parameters determined by comparison
with experimental data on nucleons and u-mesons only.

To investigate the role played by k-mesons in the production of high
energy p-mesons, we performed some calculations on the p-component up to
energies as high as =~ 10° Bey, which shall finally be reported here:

The first of these calculations concerns the spectrum of the vertical p-
component at sea level, the results being shown in Fig. 7. The two curves (dotted
and dash-dot), represent our theoretical results, obtained under alternative
assumptions: the dotted curve corresponds to the assumption that all p-mesons
are created by decay of m-mesons —- i.e., by the same mechanism responsible
for p-production at lower energies. This curve falls off rapidly at high energies
because of the fact that high energy m- mesons (as first pointed out by Greisen),
collide with air nuclei and therefore contribute less to p- production. The other
curve, dash-dot, was obtained on the basis of the alternative assumption that
p-mesons are exclusively created by decay of k-mesons. Asa consequence of
their shorter life-time, the latter curve falls off more slowly.
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By the comparison of these two results, obtained under extreme
assumptions, with experimental data, we hope to get information about the
mechanism of p-production at high energies.

Since direct experimental results on the p-spectrum at these extremely
high energies are not available, we calculated the spectrum of p -mesons at sea-
-level from underground measurements of the p-intensity by means of the rangc-
-energy-relation, as given by GEORGE (1925). The result is represented by the
shaded band in Fig. 7.
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The comparison of this "experimental band" with our theoretical curves
seems to indicate that up to about 500 Bev, most of the /u-mesons are created
by decay of m- mesons, while at higher energies almost all of them are due to
K-decay.

It should be emphasized, however, that this conclusion is not free of
uncertainties, one of which, e.g. being introduced by uncertainties in the range-
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-energy-relation at high energies. Direct measurements of the p-spectrum at
high energies, therefore, would be of great importance.

Another possible source of information about the role of k- mesons is
given by the angular distribution of high energy p- mesons.

This angular distribution is usually described by a cos - law, where

is the angle of inclination with respect to the vertical, and p is an exponent

which slowly varies with energy. This exponent p, as a function of energy,
is represented by Fig. 8, according to our theory. The available values involved
in the figure agree well with the theory within the range of its validity. The
lower values of p at low energies are due to the angular spread occurring at low
energy creation processes, neglected in the theory.
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The two branches of our curve in Fig. 8 correspond to those in Fig. 7:
the branch "n" belongs to the assumption of p-mesons created exclusively by
m-mesons, while the branch "exp" corresponds to the "experimental band" in
Fig. 7 or to p-mesons of highest energies created by k-decay.

The latter branch tends with increasing energy to the limiting value
of p = 0, corresponding to an isotropic angular distribution of p- mesons. The
branch 'V, instead, tends to the limiting value of - 1, which means that
the number of highest energy si-mesons, provided they are created by w-decay,
will increase with increasing inclination. This behaviour, strange as it seems at
the first sight, is readily understood by the realization that ;- mesons, created
in the high atmosphere, travelling in a more inclined direction, have a longer
path through low density air and therefore, a greater chance to decay instead
of colliding.

Measurements of the angular distribution of high energy p-mesons,
therefore, would be of great importance with regard to the question of k-mesons.
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DISCUSSION

G. WATAGHIN: Your results about the mesons floated by k-meson - theoretical
results - are calculated on the basis of a production of plural type or multiple type? What
is the multiplicity that you admit?

MOLIERE: Multiplicity is not so important for cascade problems because the tail of
the creation spectra is the most important part. To calculate multiplicity, one should take
into account the deviations from the Bremsstrahlung-type behavior of the spectra. In our
calculations, A;-mesons are the same as m-mesons with a larger mass and with a smaller life
time and for m-mesons we got. our law with a power a as it is determined in comparison with
experiments: 2,2. This corresponds to multiple production. I could also say that the multiplicity
as calculated, is slowly varying with energy and is in good agreement with Heisenberg's new
theory of multiple production of ;- mesons.

BECK: I would like to ask how far down in the energies we can make these assumptions,
in order to know whether one can hope to get a junction with the data we can get in the
laboratory.

MOLIERE: I think the energy must not be too low in comparison with the rest mass.

BECK: IS this the only restriction?

MOLIERE: I hope so. It comes out from our results that it is a good assumption that
for nucleons starting with about 2 Bev, the theory and the assumption of Bremsstrahlung-type
spectrum is good, and for m-mesons, for about 300 Mev or so.

VALLARTA: About the question that was raised a little earlier by Professor Moliere,
I think I can see now the point. I think it is this: that the geomagnetic analysis can be extended
to energies lower than 60 Bev, that is about the top limit, and that cannot be reached for practical
reasons; that is, the geomagnetic analysis cannot be applied to energies which are, let us say,
higher than about 20 or 25 Bev, i.e., about half of the theoretical top limit. Now, this, according
to what has just been said, applies to very high energies. Therefore, I do not think that we can
say anything about this region of the spectrum,

MOLIERE: To this point I could add a remark more: My friend Budini performed
new calculations on large air showers and from comparison with certain experiments he found
values for exponents 7 which are in good agreement with the value of 18 according to our
assumption.
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In order to analyze the contribution of the different components of
cosmic radiation to the production of nuclear disintegrations, usually attributed
in short to the so called iV-component, the frequency of stars in photographic
emulsions has been measured under various depths of solid absorbers of carbon,
iron and lead (SCHOPPER & ROSSLE, 1951).

A set of electrosensitive nuclear plates was vertically placed along the
axis of a hill-formed absorber and simultaneously exposed, at 3000 m (Zugspitze
observatory) and 420 m above sea level (Weissenau laboratory, Germany). At
3000 m transition curves of the star frequency were found which led to the following
analysis:  About 90% of the stars at the top of the absorbers or in the free
atmosphere are produced by neutrons, protons and fast pions, with — as well
known — a mean absorption length according to an A?%°®law for the nuclear
cross section, eg. 138 g cm 2 in air (to be called a-component).

Transition maxima at 1,2 cms in lead and at 5 cms in iron are due to the
nuclear interaction of photons (to be called 6-component): their height in iron
and lead and their absence in carbon agrees well with the cascade theory, if one
states that 10% of the stars in the free atmosphere are generated by photons.
This means a cross section of star production by photons in the emulsion of
5.10°27 cm? in good agreement with KIKUCHI'S results (1951).

Subtracting the stars resulting from those a-and-fo-components one
finds, in the carbon absorber, a sharply marked maximum at 18 cms, and by an
analogous way of analyzing, such maxima at about 20 cms in iron and lead, which
one finds shall be called c-maxima.

These maxima represent a new type of transition effects and are
characterized:

a) by the fact that they appear, practically independent of the mass
and the atomic number of the absorbers at nearly the same depth.

b) by a sharp concave increase begining at about 15 cms and an equally
sudden decrease, which seems to be analogous to the behaviour of the second
and third transition maximum of the Rossi-curve, published by THURN & BOTHE
(1950, 1951).

With different carbon absorbers: plane, wide and slender forms it could
be shown that there exists a defined "maximum length", insofar as only such
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forms of the absorbers give raise to a sharply shaped c-maximum which do not
contain lateral depths of the magnitude of 1 at vertical depths smaller than 1.

The altitude dependence of the incoming particle enhancing the c-maxima
corresponds to an absorption length of ~ 120 g cm™ inair. It is not produced at.
amarked rate within the absorber, as follows from the decrease of the c-maxima.

It seems not possible to describe the mechanism of those maxima by
known types of interactions, perhaps by means of consecutive particles, one of
which is unstable because of the transition effect in carbon.

BIBLIOGRAPHY

KIKUCHI (1061), Phys. Rev., 81, 1060,

SCHOWER & Koss.K (1951), Phys. Rev., 82, 445, and Z Nalurjorschung, 6a, 603.
THURN & BOTHE (1950), Phys. Rev., 79, 544,

THURN & BOTHE, (1951) Z. Naturforschung, 6a, 756,



Ceaenkov Counters

JOHN MARSHALL
University of Chicago, Chicago, Ill., U.SA.

Cerenkov radiation particle counters have been in use at the University
of Chicago for more than ayear. They have been particularly useful in connection
with the 450 Mm. proton synchrocyclotron, and they might well bo useful for
cosmic ray studies. | shall first describe the general properties of the Cerenkov
radiation, and later 1 shall describe the manner in which it is used in particle
counters (MARSHALL, 1952).

The Cerenkov radiation is an electromagnetic shock wave, and is
analogous to the pressure shock wave produced when a bullet travels at supersonic
speed through air. Like the pressure shock wave, the Cerenkov wave is conical
with the apex of the cone coincident with the particle producing the disturbance.
The radiation is produced when any charged particle traverses a dielectric medium
at a speed greater than that of light in the medium. The radiation is directed
forward at an angle 6 from the direction of the particle, where 0 is determined
by the relation

cox §f = —

The intensity of the Cerenkov radiation is given by the formula

44 1 2udv g, L2
JF = 2 Av(l-—vs.—x?ﬁ)=mamzﬂ=45ﬁsm # {for Av =

=3 10" cycles per second)

The intensity, |, is expressed in photons emitted per centimeter of particle path.
0isv/c, the ratio of the speed of the particle to that of light in vacuo, n is the index
of refraction of the radiator material. Av is the frequency range over which the
radiation is measured. The visible spectrum is roughly of 3 X 10 cycles per
second frequency range.

As an example consider high energy electrons or any other particle
of unit charge moving approximately at the speed of light. In Lucite or glass
of refractive index 1.50, the intensity from such a particle is approximately 250
photons in the visible per centimeter of path. In water (index 1.31) the intensity
would be 175 photons per centimeter.

The Cerenkov radiation from ordinary optical materials includes the
visible spectrum. It may be observed visually by immersing a very strong beta
radioactive source in water and has a bluish-white appearance to the eye.
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In principle a Oerenkov counter can be made simply by exposing the
cathode of a photomultiplier to the light produced when a particle traverses
a transparent dielectric material. One might expect then to find a pulse in the
output circuit of the photomultiplier every time a particle passes through the
radiator. These pulses then could be registered electrically. In practice the
problem is somewhat more difficult than this because of the small intensity of the
Oerenkov radiation and the difficulty of efficient light collection. The intensity
issmall enough so that, if the light collection efficiency is not particularly large,
there may be no photoelectrons at all produced at the cathode when a particle
passes. When only small pulses are produced, it may be difficult to distinguish
them from thermionic noise pulses which are always present in photomultipliers
at normal temperatures. The best method of discriminating against noise is the
use of fast coincidence techniques.

A non-focussing Cerenkov counter consists primarily of a body, which
may conveniently be cylindrical in shape, of transparent radiator material with
a photomultiplier tube so placed that the Cerenkov radiation produced in the
radiator is collected with high efficiency by the photocathode of the multiplier.
The Cerenkov light produced in a long cylindrical radiator can be transmitted
with high efficiency to the end of the radiator toward which the particle is moving
by multiple internal reflection. For highly relativistic particles the collection
efficiency for along radiator using total internal reflection is aimost always better
than 50%. Some loss of light can be expected because the Cerenkov angle for
a relativistic particle is such that the light strikes the surface of the radiator
just at the angle of total internal reflection if the particle is traveling along the
axis of the radiator. Some of the light from a particle not parallel to the axis
can be lost through the side surfaces of the radiator. For this type of counter it
is essential to use a photomultiplier having its photocathode on the inside surface
of the glass envelope, such as the RCA 5819. Multipliers with internal cathodes
are inefficient because of the small solid angle subtended by the sensitive area
of the cathode at the surface of the envelope. The cathode of a 5819 or of an
EM1 5311 can be placed in optical contact with the radiator by the use of
transparent oil or grease between the two surfaces.  In the case of aliquid radiator
the liquid can be in direct contact with the multiplier envelope.

A 5819 with a sensitive cathode area of about 3.8 cm diameter can collect
the light from a 3.8 cm Lucite rod with nearly 100% efficiency. With a cathode
efficiency of .06 electron per incident photon, the approximate efficiency of a 5819
photocathode, relativistic particles can produce pulses of approximately 16 electrons
from the cathode per centimeter of particle path. A ten centimeter long radiator
of Lucite then can produce pulses at the cathode up to 160 electrons in size. A
water radiator of the same size would yield pulses of up to 110 electrons. While
such pulses are not large compared to the pulses available from scintillation crystals,
they are larger than is really necessary for efficient counting. Thus one can
afford to increase the cross sectional area of the radiator by a factor 2 to 4 over
the area of the cathode without loss of counting efficiency. An increase of radiator
area by a factor 2 reduces the collection efficiency, and consequently the pulse
height, to one half by spreading the light out over a larger area.

In some cases it is possible to have aradiator area larger than the cathode
area with no loss of collection efficiency. This is the case for relatively slow
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particles with small Cerenkov angle so that the light may be concentrated to some
extent by tapering clown the end of the radiator. Such particles must of course
be heavy ones so that they can have low velocity without having too short a range.

A non focussing Cerenkov counter was demonstrated during the lecture
It consisted of a fast coincidence arrangement using a water radiator Cerenkov
counter and a liquid scintillation counter. The water radiator was 5 centimeters
in diameter and 4 centimeters long. One end of the Lucite water container was
stoppered with the photocathode end of a 5819 multiplier tube. The other end
of the radiator was painted black so that light moving in the reverse direction
would be absorbed and would not reach the photocathode. Light could reach
the cathode of this tube only from a particle moving more or less in the direction
of the cathode. The Cerenkov radiation from a particle moving in the opposite
direction, i.e. entering the radiator at the cathode end, would be almost completely
absorbed by the black paint. A liquid scintillator container of equal diameter
was placed in a position coaxial with the Cerenkov radiator, and was in optical
contact with the cathode of another 5819. The scintillator material was three
grams per liter of terphenyl dissolved in phenylcyclohcxane.

The outputs of the two photomultipliers were connected separately
to fast amplifiers of 180 ohms impedance and better than 10~" second rise time.
The outputs of the two amplifiers were mixed in a fast coincidence circuit using
the 6BN6 gated beam tube, and the output of the coincidence circuit was registered
directly with a thyratron and a mechanical register. Thus a coincidence count
would be registered if a cosmic ray particle of rolativistic velocity passed through
the scintillator and also through the Cerenkov radiator in coincidence and in
the right direction. Since very few cosmic ray particles move upward at the
earth's surface, the apparatus would be expected to count only when the 5819
tube of the Cerenkov counter was below the radiator, and not when the apparatus
was inverted.

The apparatus performed satisfactorily during the lecture, giving
approximately 4 counts per minute in the upright position and about 0.1 count
per minute inverted.

Focussing counters have also been constructed. \ shall not go into
great detail here regarding these counters since the various designs have recently
been published. In a focussing counter an optical system is used which
concentrates into a small area light of one Cerenkov angle, and which directs
elsewhere light of other Cerenkov angles. A focussing counter then can be used
to count particles of one small range of velocities in the presence of and with
the exclusion of particles of other velocities. It is possible, for instance, to count
120 Men 7 mesons and not to register electrons or other highly relativistic particles
which appear in the same beam. Several optical systems are possible, but the
one most successfully applied so far has consisted of a cylindrical Lucite radiator
which leads light to the center of a hemispherical Lucite lens by total internal
reflection. The lens would focus light of any one Cerenkov angle from particles
parallel to the axis into a sharp ring coaxial with the system if it were not for a
cylindrical mirror. The mirror is of approximately half the radius of the focal
ring and is mounted coaxial with the system. It is constructed by aluminizing
the inside surface of a glass tube of approximate size. The light is reflected by



76 JOHN MARSHALL

it to form afocal spot on the axis. Light of different Cerenkov angles is focusscd
at different positions along the axis.

That it is impossible to focus the light to a sharp point can be shown
by arguments involving the angular momentum of photons in the system. The
actual size of the focal spot depends on the design of the optical system and on
the degree of collimation of the particles counted. It is usually somewhat larger
than the size of the radiator. |f one places at the focal position a photomultiplier
cathode, one can obtain pulses the amplitude of which is a maximum for particles
of the velocity for which the system is adjusted. In general it is better to use
two photomultipliers in coincidence with some arrangement for dividing the
light more or less equally between them. Such counters are best applied to rather
highly collimated beams of particles snce they cannot have a very large sensitive
area, and since asmall deviation in the direction of theincident particlesissufficient
to stop counting.

It is advantageous with Cerenkov counters to use fast electronics, and
it is amost completely necessary to use some sort of coincidence arrangement
to register counts. The reasons are that the pulses are very short in time, and
that they are not particularly large compared with noise pulses from the usual
photomultiplier. If slow electronics are used without coincidence, it is quite
likely that two or more small noise pulses will add together in such a way as to-
produce an effect larger than a Cerenkov pulse. Even with fast electronics,
single noise pulses may sometimes be too large to be rejected. A coincidence
arrangement may be used either between pulses from two multipliers exposed
to light from the same radiator, or between one exposed to light from a Cerenkov
radiator and another exposed to light from a scintillator through which the same
particle passes.

In general we find it necessary to amplify pulses from the photomultipliers
with wide band pulse amplifiers by a factor of from ten to one hundred in voltage,
and to apply the two pulses to a coincidence circuit with resolving time of the
order of 1078 second or better. We use at present coincidence circuits employing-
the 6BN6 gated beam tube biased beyond cutoff. Positive pulses from both
channels must arrive at the grids in coincidence to allow plate current to flow
and thus to produce an output pulse.
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DISCUSSION

G. WATAGHIN: What would the photon emission be for the neutron moving with
relativistic velocity? How many photons would be emitted for one centimeter of path length?

MARSHALL: | do not know. | imagine that there would be some from the interaction
of the magnetic moment of the neutron. | do not know how large it would be. (*)

G. WATAGHIN: Have you made any experiments with neutrons?

*) A submsequent. diseussion indicated that the Cerenkov radiation from the magnctie
dipole of neutron has a faetor (2}’ (25) where » in the frequeney of the clet

radiation, the velocity of which in the medium is equal to the velovity of the partiele,
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MARSHALL: NO, but | believe that- the intensity would be too small to measure with
our background radiation.

VALLARTA: | have heard not s long ago that Phyllis Freier and Ney in Minnesota
were going to use this type of counter for cosmic ray work, The idea was to find how many
particles were coming straight up. We call it the splash Albedo in cosmic radiation. | don't

remember the formula you wrote for the intensity, but does it depend in any way on the mass
or the charge of the particle?

MARSHALL: It does not depend at all on the mass. It varies as the square of the
charge.

VALLARTA: Could you say anything about the mass of the particles?

MARSHALL: The only effect of the mass is to modify the relations among velocity,
energy and range. Any electron that can be counted must be moving at approximately the

velocity of light. For electrons of appreciably smaller velocity the range is too small for them
to be counted.

RABI: Has any attempt been made to study particles of higher charges?
MARSHALL: Not that | know of.






The Geometric Effidency of Cylindrical Counters
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ABSTRACT

Counting experiments were made with cylindrical counters fitted with geometry
"definers" in order to verify if it is possible to find an area of constant sensitivity in these counters.
These measurements are similar to these made by Gleasem et al with end-window counters.
We find that it is indeed possible to achieve these results by means of a careful choice of the
dimensions of these definers. The definers also allow a great simplification of the calculation
of counter efficiency for a point source. We present a formula for sources placed in any position
with respect to the counter. This formula is compared with experiment and the agreement is
found to begood. A comparison of absolute beta counting between one of our cylindrical counters
(with definer) and an end-window counter (with definer) is made. The agreement obtained is
satisfactory.

INTRODUCTION

The accurate determination of the geometric efficiency of a Geiger-
-Muller counter is one of the most difficult problems that arise when precise
measurements are made with counters. It is a well known fact that the largest
error that arises in the measurement of the total number of beta particles
emitted by a radiaetive source is due

%
to the difficulties involved in the ,gg
determination of the geometry of the § oz
arrangement  used. %M "%%
The geometric efficiency of £ .45 &
a counter can be: a) -calculated; E M”"%‘-
¥

b) measured experimentally with the
help of a source that emlt_s a‘known e RS e
number of particles per unit time. Dislance from window (mim}

Fig. 1 — Burtt’s comparison beiween caleulated
aml experimental geomelrics,

a) For point sources the
computation of the geometric
efficiency can be made easily with help of very well known formulas; when
extensive sources of circular shape are subject to a measurement one can
make use of the formula (1) due to Blachman.

It is interesting to compare the results of the geometrical efficiency
as obtained with the above formulas with the values obtained with the help of
a radiaetive source: BURTT (1949) has made a comparison between the results
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obtained with a standard source and an end-window counter with the results
computed with the formula

f
’5[ v’h2+r2:| @

where h is the distance from the counter window to the source and r is the radius
of the window of the counter; the radioactive point source is on the axis of the
counter. The results obtained by Burtt are in fig. 1; the difference of the values
obtained by the use of the methods above can be explained by assuming that the
sensitive region of the counter should be smaller than that assumed in the
calculations; under this hypothesis, it can be easily shown that both curves do
coincide when one assumes that the sensitive region of the counter begins at a
distance of about 5 mm from the cathode.

b) The determination of the
geometric efficiency with the help of
a standard radioactive source involves
many troublesome corrections due to
phenomena such as backscattering,
absorption in the air column (between
the source and the counter), scattering
of the particles by the air, scattering
Fig. 2 -- A drawing of the peamelry definer by the walls of the counter housing,
uked for t‘ml-\\'imluw' counters,  Dintnnees in etc.  Resides, as the sensitive volume

rentimeters. of the counter depends on the nature
and on the energy of the particles that are being observed, others difficulties arise.
The above circunstances make this method troublesome and subject to errors
(ZUMWALT, 1947).

The difficulties connected with the
determination of the sensitive area of a end-window
counter can be eliminated by means of a geometry
"definer", as suggested by GLEASON, TAYLOR & TABERN
(1951), who have shown that an accurate determination
of the geometry can be made by means of a plate (of
a suitable thickness), adjacent to the counter window,
provided with a central circular hole, concentric with
the counter cathode (fig. 2). Experiments were carried
out in order to determine what the diameter of the
definer should be, in order that only the sensitive
volume of the counter should be traversed by the
incoming particles.

. 3 — Bolid angles sul-
In this paper an attempt is made to utilize tendod Ly & point source in

geometry definers when cylindrical counters are used. frent uf & cylindical counter.

X e Ty i# the planc of the definer.
It is a well known fact that the efficiency of a
cylindrical counter decreases somewhat in the neighbourhood of the counter
ends: if the geometry definer is suitably chosen, it is possible to use those counters

for accurate measurements.
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The calculation of the geometrical efficiency of cylindrical counter
is a difficult problem. As one can se in fig. 3 the solid angle subtended by a
source in P is the sum of the solid angle g, corresponding to BCB'C and @ which
is the sum of the solid angles corresponding to ABC and AB'C. The angle
@ can be calculated exactly whereas the angle a4 can only be calculated under
approximations. NORLING'S (1941) a
calculations of the angle g, it is
interesting to note, refer only to a

source that is equidistant from the s .!__ [ [ ¢
I

counter ends and sides.

With the help of a geometry
definer (in this cae a brass plate
provided with a rectangular hole) the g0
angle ¢A isruled out; we then calculate L L L
the geometric efficiency of a point Fig. 4 — Test of unifortaily of the equnier
source placed in any position in the walle,  Abeizsn i degress of rotation of the

X connter skt it axis, Trom an greliteary position,
neighbourhood of the counter. The
comparison of the calculations with the experimental data has provided a

good agreement.

THE EXPERIMENTAL ARRANGEMENT

In our measurements an Eck and
Krebs counter was used; its walls were 30
mg/cm? thick (aluminum equivalent) whereas
its diameter was of 190 cm and its length
10 cm. In order to decrease the counter
background, all measurements reported in

649 4" this paper were made with the counter
placed inside alead box whose walls were 1"
Fig, & —+ A drawing_of e geomell¥ thick and whose internal faces were lined
fefiner wsed  for exlimlrical  connlers, . .
histanees in cenlimetols, with 5 mm of lucite.

UNIFORMITY OF THE COUNTER WALLS

Some measurements were carried out. in
order to test whether or not the walls of the counter
used in our experiments had walls of uniform
thickness. In order to find out an effect of a

possible lack of uniformity of the walls a RaDEF fr

Pl em

point source was placed in a fixed position in
relation to the counter and measurements were
made rotating the counter through known angles;
the results obtained are illustrated in fig. 4. One
can conclude that the average thicknesses of the Iig. & — Valurs uf 8/ as n
walls were constant, since the deviations found ffirtien of the lenath of the oy

in our measurements are within the experimental actnal numher of counters sand &
errors. is the calewiatod gromrtry,

TSI TTE T AT

— 6 —



82 JOSE GOLDEMBERG

EXPERIMENTAL DETERMINATION OF THE
DIMENSIONS OF THE DEFINERS

Several measurements were made with different sizes of the definers:
keeping a point radioactive source at equal distances from the edges of the definer,
several countings were made with different definers (major side — /; minor side
— 2p); those definers were made of brass and the thickness used were such that
no beta ray could go through them.

The observed activities are given by

n = NG

where AT is the number of particles emitted by the source by unit time (a RaDEF
source was used) and G, the geometric efficiency corresponding to the different
values of the definers used. G is given by

f jue (# + 9+ G+ 7+ dzdy @

or explicitly

LI pe
= o R A T 1 B @

where ¢ 15 the perpendicular distance between the souree and the definer {fig,5),

Tame 1

Values of #/G for different dimensions of 1he definers

o= & o, { = b oem, { = b cni I =7 om
p =05 om, 282,200 264,300 244,100
p = C45 cm. 233,500 260,100 214,500
p = 0,33 (m, 308,200 303,500 209,400 286,300
§ o= 0,30 cim. 302,00 200,200 270,000

If the counter was equally sensitive for all the definers used n/G would
be a constant. As one might expect, from the reasons discussed aready, this
o isnot the case as can beinferred from the

experimental values of n[G represented

e in table I, and figs. G and 7.
. waem An analysis of these curves

shows that the area of the counter

limited by a definer whose major side

st (0 is 5 cm and whose minor side (2p)
0408040302 0] 0 O} 02 O3 04 05 Of l"‘

is 0,76 cm. has a constant sensitivity

Fig. 7 — Valuo of 5/ as a function of the
tength of the minor side (p) of the definer, (for d = 5,01 cm.).
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CALCULATION OF G FOR ANY POSITION OF THE SOURCE

When the source is not placed
symmetrically in relation to the definer,
there is no known formula, that we know
of, allowing a computation of the value
of G. We have calculated the case in which
the source is displaced by a distance h
from the point P, (symmetrical position),
remaining, nevertheless, equidistant from
the major sides of the definer, fig. 8. The
generalization from this case to any other Fig. 8 — Position of the point source

h . (P) whose geometrical efficiency is
is obvious. calculated in Section 4.

The peometric efficloncy in this cuse 8 glven by

G _“;—/.P./‘w drdy _
Tl S [P+ - P+ EPR
"

YAy N pu— T E—
ixJ_, (2 + @[+ + {12 — hREPe

+ 2 + B ]
@ F AR+ B+ G2+ A
ar
G=0, +6.
where
1 f2+hp .
O = G AT R T R P T (2 — R
N 2+ 8 p
U = g e R T T 1 G + R

A graph of G as a function of h is plotted in fig. 9 where
we have also represented the experimental points obtained with a source
of UX; — UX; in equilibrium; the curves were normalized for h = 0.

| NDEPENDENT CHECK OF THE VALLE OF GFQR h = 0

In order to check the value of G obtained with formula (3) we have
measured the absolute intensity of the source used in the experiments referred
above with a mica end-window counter mounted inside a standard counting
arrangement. The window of the counter was covered with a geometry definer
(fig. 2) and athickness of aluminum, 30 mg/cm? in order to have asituation similar
to that of our cylindrical counter. As the geometry of this arrangement was
precisely known, the number of disintegrations of the source per minute was found
to be 387,000 + 5,900. If the absolute number of disintegrations is calculated
from the measurements with the cylindrical counter provided with a definer,
as described above, with G = 0.0123, one obtains 392,000 + 5,610 disintegrations
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et

-t H

325 -2 45-1-03 0 03 | \3 2 25 3 cm

Fig. 9—A comparison hot ween calculated geometry (solid line)
and experimental efficiency (points) for a cylindrical counter
as the distance h (see above section 4{ is varied.

per minute. The agreement is very good, and it shows that the method proposed
allows a precise determination even of absolute disintegration rates when the
counter wall thickness is known.

SUMMARY

A method of limiting the useful area of a cylindrical counter by means
of a geometry definer is proposed and formulas are given for the computation
of the geometrical efficiency of the system for point sources in any position with
respect to the counter. A comparison between calculated values and the
experimental determinations for the geometry of the system is presented. The
agreement is strikingly good, which leads the author to believe that cylindrical
counters, provided with proper definers may be used quite satisfactory for absolute
beta counting.
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DISCUSSION

GROSS: Refcrindo-me aquela figura do contador de partieulas a, nao sera” quo so o
contador se torna sensfvel ou insensfvel, depende da tensao? Aumcntando a tensao serd
talvez possivel eliminar praticamente a zona insensfvel? Eu nao sei naturalmente se fazendo
isso nao se passa jd da zona de funcionamento do contador. De qualquer modo, fiearia grato
com uma informacao justamente sobre a influencia da tensao sobre a zona insensfvel.

GOLDEMBERG: Em geral tem-se urn contador cujo "treshold" estd definido, nao se tern
alternativa; devc-se trabalhar com aquele "treshold" e com os contadores, com 0s quais nos
trabalhamos, foi necessdrio, qualquer que seja a tensao dentro do plateau, utilizar esses
definidores. Caso nao se faya isso, a razao n/G varia quando se variam as dimonsoes desse
definidor,

VALLARTA: Me paroee recordar que hace ya muchos anos Tuve presento calculos muy
extensos sobre eficiencia geometriea de contadores y sistemas de contadores. Estos caleutos
fueron publicados en SitzungsberLhte der Preussischen Akademie der Wissenschaften. No ha
habido ocasicm de volver sobre esos caleuios muy antiguo.s de Tuve?

GOLDEMBERG: Nao tive oportunidade de consultar os calculos de Tuve; a minim fonte
de informacoes foi o trabalho de Norling no Archiv fur Mathematik und Physik, que e uma
tese muito complela sobre esse assunto. £ o unico eadculo a que Norhing faz refcrencia, € o
de uma fonte pontual colocada simetriecamente em relacilo ao contador,

DEUTSCH: 1 think the situation is, as you probably know, even more; complicated
with end window counters because the plateau not only depends on the angle, but also on the
counting rate, because the insulating window charge? up and this affects the counting volume.

GOLDEMBERG: A situacao e realmente niais complicada, mas com o "counting rate"
que nb6s utilizamos, a existencia de uma regiao sensfvel era bem acentuada.
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A New Method of Obtaining High Tension for
Geiger-Tubes in Light-Weight Equipment

G. HEPP
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A circuit was described by SIMPSON (1944), in which the dead-time
of a Geiger-Mullcr-counter is reduced by inverting the tension of the tube
immediately after the beginning of a discharge. As a result, the ions which
have been formed during the discharge are returned to the central wire and,
if the voltage is inverted quickly enough, practically none of them will reach
the cathode. The electrons, however, which during the time that the tension
is inverted are liberated at the anode by ion-impact and photo-effect, travel to
the cathode, which is now momentarily positive, and their number is increased
by gas-multiplication. The mean current through the tube is therefore negative;
the tube delivers charge to the high-tension source. The energy for this process
comes from the amplifier, which .
provides the high-tension pulse used \/_’J
for inverting the voltage on the tube
(fig. 1).

As the source now has to T

Il
I
provide voltage and not energy, even
aZamboni-pile, which can be considered
as a battery with an extremely high
internal resistance, can be used. aar n

Also a charged condenser i
might be used as high-tension source.
The negative current through the
Geiger-tube increases the charge of =
the condenser until equilibrium is .
reached with the leakage-current of
condenser and tube.

Another circuit, which aso has the property of delivering charge to
a condenser, can be made by putting a diode in parallel with the Geiger-tube.
(fig. 28). As a source of high-tension pulses (in the circuit indicated by a circle
surrounding apulse), a "blocking-oscillator" is used, in which the pulse-transformer
has a high-tension winding and which istriggered by pulses from the Geiger-tube.
As in this case the voltage on the condenser is equal to the amplitude of the pulse,
no reduction of the dead-time can be expected and the circuit of fig. 2b may be
used as well, in which the voltage is inverted on the diode only.

Fig.
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The time-constant of the condenser, which is the product of the capacity
C and the leakage-resistance R must be sufficiently big, so that the tension does
not fall below some critical value E, when the interval between two consecutive
pulses happens to be very large.

The probability, that in the
time T the voltage of the condenser
“ comes down from its normal value E,

- to E is, in the case that the internal
resistance of pulse-oscillator and diode
can be neglected, approximately

alt (Eu

in which a is the mean number of
pulses per second. Fora= 13 T=1
heur, RC = (30 and Ec/E, = 0.9 the chance for the voltage to come down
to Ec is in the order of 10°

If, due to limitation of the current in the blocking-oscillator one pulse
is not sufficient to bring the voltage of the condenser back to E, it can be shown
that for the numerical values given in the example, the result will be substantially
the same, as long as only a few pulses

are sufficient to rise the tension of the
condenser to E,, even when it came down
to E; If this is not the case and aso for ge——————n-

lower values of aRC, calculation becomes | '
complicated. STUMPERS (1050) has studied !
this problem in the cese that there is no ili'
limitation of the voltage of the condenser |1
=|
r
¥
i
i

. ta Fa th
Fig. 2

by the pulse-amplitude, assuming an equal
charge delivered after every pulse.

A simple arrangement of Geiger- P
-tube and blocking-oscillator is shown in B
fig. 3. A switch has been provided, with -+
which the negative tension on the grid of -
the blocking-oscillator can be removed. T

Without this tension the oscillator is free
to oscillate without being triggered by the
Geiger-tube-pulses. During this oscillation
the condenser is charged and afterwards the charge is maintained by the pulses
of the Geiger-tube.

As the requirements for isolation of the connection between Geiger-
tube-cathode, diode and condenser C are rather strict, one might consider for
some applications to combine these components to one single unit.

Fig. 3

BIBLIOGRAPHY

SMPSON  (1944), Phys. Rev., 66, 39.
STUMPERS (1950), Philips Res. Rep., 5, 270.



HIGH TENSION FOR GEIGER TUBES

DISCUSSION

DEUTSCH: HOW strict are the requirements for isolation?

HEI»P.  This depends on the current which the blocking-oscillator can give during
the pulse. If the mean number of background-pulses per second is ao, the tube-current is
I, the duration of the multivibrator-pulse is T, the voltage step-up ratio of the transformer
is n, the mean charge given to the condenser per second is

w IT
R

This must be equal to the charge lost by leakage, as the consumption of the Geiger-tube
in this case can be neglected. The charge leaking away per second is:

By
e

This gives
n Ky

k= it

For @, = 13, { = 2 md, B, = 360 Voll, T = 107" sr, and n = 10, which
are practienl values for a very smsll instrument, & Deeomes 5 107,

Although thisis high value it is certainly not prohibitive. Modern instruments with
ion-chambers and electrometer-tubes are built, in which a much higher isolation is required.

Of course, especially here in Rio, we must take measures to prevent moisture from
coming in. But this can easily be done.

RABI: Have you made such an apparatus?

HEPP: Yes and | can show it here to you. It is a portable radiation detector, which
works with a filament battery of 1.5 Volt, which delivers 13 HI A during operation, and a 60
Volts battery, from which only a negligible current is taken, when no intense radiation is
being measured. The battery has therefore a useful life which is practically equal to shelf-life.

A more detailed description of this appartus will shortly appear. (Philips Technical
Review).







Techniques of Condruction of Geiger-Muller
Counters in the Centro Bradlero de Pexuisas Fiscas

HELMUT SCHWARZ

Centro Brasileiro de Pesquisas Fisicas ani Unilverédade do Brasil, Rio de Janeiro,
D.F., Bras

In this communication | will simply describe how we constructed Geiger-
Muller Countersin groupsof 10 counterseach for our own purposes in cosmic ray
research and training our people. At the end | will tell some observations on the
properties of our counters and what we think could be the explanation of the
effects we observed.

As we could not start as soon as we wanted because of many technical
difficulties and as on the other hand we wanted to have soon a great number
of counters, we could not realize much development work in the beginning.

So we started with the external cathode type described by MAZIC (194(i)
and already well investigated from the point of view of behaviour and operation
by AHON & GROSS (1950).

As anode we had at the center of the cylindrical tube a tungsten wire
of 0,1 mm of diameter.

The cathode was formed by an aquadag layer on the outside wall of the
glass tube. These counters generally had a filling of 10 mm of ethyl alcohol
vapor and 90 mm of spectroscopicaly pure argon. In some counters we used
as the cathode an internal layer of silver deposited by the well known chemical
process of Rochelle salt.  In others wo produced a pure copper layer as cathode
by evaporating copper from the central wire.

In contradiction to the genera opinion that it is not necessary to apply
extremely clean vacuum treatment, we found as | will point out later that specially
for avoiding the photoelectric effects it was necessary to pay attention to all
precautions generally employed in high vacuum technique.

Thevacuum system weused isdrawn schematically in figuren.° I. In the
system we have six stopcocks greased with high vacuum grease, T;. . .. Tes. Anoil
diffusion pump B.D, of 67 liters per second iswell protected against sudden air leaks.

Two vacuum gauges of the resistance type V.P. | and V.P. Il were
constructed in this laboratory using common 40 w 110 volt lamps as gauges.
One of them, V.P. | measured the fore pressure that is maintened by the 0 liters
flask even when rotary pump is disconnected by stopcock T;; the other gauge
V.P. Il was intended to measure the pressure on the high vacuum side to be sure
that the ionization gauge V.I. would only be put into operation at a sufficient
low pressure.
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The system was constructed for a daily production of 20 to 30 counters
and by connecting a second degassing furnace it would give an output of 40 to
50 aday, with 4 glassblowers, 4 auxiliary technicians and one man at the vacuum
system, working 8 hours a day.

U NN S T
IR Tl

TN

Fig. 1

Everything which does not have to be touched normally is well protected
under the table; only the stopcocks and the mercury manometer are on the table.

We could keep the oil diffusion pump in operation even when connecting
other groups of counters to the system, because the counters could be roughly
pumped through a by-pass by the rotary pump.

To degas the central wire of the counters, we heated it by a number
of short current flashes; the time intervals between flashes were adjusted in
accordance with the decrease of the degassing pressure observed by our resistance
type vacuum gauge.  As we shall sselater this heating treatment of the tungsten
wire is one of the necessary actions to diminish the photoelectric effect and to
lengthen the life time of
the counter.

Heating in a
hydrogen atmosphere
would be even better,
but because of technical
difficulties we were not
able to obtain it. At
this point we measured
a dynamic final vacuum
of between 3 and5X 10°°
Torr (mm Il g) with an
ionization gauge. Then

Fig. 2 Photo of the Vacuum System for the construction
¢ of countsgrs. we baked out the glass
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envelopes of the counters by heating them, for about two hours at ~ 3G(*with
a new type of degassing furnace developed in this laboratory. Instead of the
common resistance wire furnace that gives heat by conduction and convection
to the tubes to be degassed, we used infra-red lamps of 250 Watts each. On
figure 2 one can e this infra-red furnace with the indicating lamps at the
right that indicate any lamp which has burned out.

This system of indicators is useful because of the 24 lamps in the bright
furnace. This infra-red degassing furnace has all the advantages of the infra-red
types. After switching on, the resistance type needs a long time to reach final
temperature, sometimes one hour for this size, while the infra-red radiation delivers
heat almost immediately, so that tubes reach the desired temperature after some
few minutes.

To repair a resistance furnace it is often necessary to dismount it in
order to find the burned out part of the wire, but here diagnosis and repair are easy.

Furthermore the infra-red type is more economical, because it is not
necessary to heat up material that we don't want to heat. Another advantage
is that it is easily constructed.

Of course the temperature ‘e
cannot be so uniform as that reached  ***'[J
by the closed resistance wire furnace.
Figure 3 shows a graph of the tem-
perature distribution measured by a

300%
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of the furnace and the ordinate the

temperature. The temperature varies from 280 to 320"0. To reach a higher
temperature we have to blacken the tubes outside which will cause an increase
of about 50°C.

But 300°C isjust the right temperature for the alkali-lime glass; exceeding
350°C the glass begins to decompose at the surface and deli vers gas so that the
degassing process practically never comes to an end. On the other hand lower
temperatures will not be sufficient for a quick degassing. After two hours'
degassing the 10 Geiger tubes, we once more heated the wire electrically for one
minute; then we heated the spots where the counters were to be seded off with
the gas torch up to the temperature where the glass begins to become soft, i.e.
to suck in. Then we measured after cooling down to room temperature with
the ionization gauge a dynamic final pressure of about 5to 8 X 10°® Torr which
must be the vapor pressure of the stopcock grease.  We could not use the very
low vapor pressure grease in our stopcocks because of its low viscosity in our
climate.
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The pumping system was disconnected by the main stopcock, 2\,
and the tubes filled with 10 Torr of alcohol vapor and 90 Torr of argon. More
than one hour was allowed for diffusion equilibrium to be established before
sealing off.

The external surface was cleaned with alcohol and dried with a stream
of hot air: the counters were then coated with a conducting layer of aquadag,
the ends were cleaned and dried once more with hot air; a cap of copper was
stuck to one end by a specially prepared cement (lead oxide and glycerinc)and
soft soldered to the wire; the other end of the wire was cut. Both ends were
cleaned and hot air dried once again and dipped in insulating black varnish.

As the electrical conditions in counters with internal cathodes are less
complicated than those with external cathodes, we tried to construct some with
an inner layer, some by silvering the cathode by the well known chemical reduction
process of Rochelle sdts, and some by evaporating
copper. On the other hand, it is more dificult and
often impossible to degass a massive metal cylinder, so
we produced the copper layer by evaporating thin
copper strips under vacuum. Under these conditions
we could get a practically gas free metal cathode. Fig.
4 shows a counter of this type before evaporation.
The strips were cut into small pieces and formed to a
F-shape and then clamped onto the central wire.
After the vacuum treatment already described the
wire was heated sufficiently hot to evaporate the
copper Vs. The copper vapor condensed on the
walls and formed a uniform layer for the inner
cathode. As it is a bit toilsome to clamp the copper
V's onto the thin tungsten wire we tried another
method using a small gastorch flame, with which we
melted the copper strips while they were in contact
with the wire, parts of the strips stuck to the wire

Fig. 4. Photo of counter
during construction: copper and were cut by the flame and then melted to form

V's at the central wire. 5 gl drop stuck tightly on the wire. Because of

this treatment the copper drops were oxidized, by heating them in a
hydrogen atmosphere they can be reduced to clean copper before evaporation.

BEHAVIOUR AND OPERATION OF THE COUNTERS

As to be expected the length of the plateau shown by the graphs of
voltage (potential difference between the wire and the external cathode) against
number N of pulses per unit time recorded by the counter depends on the number
of particles reaching the counter, from a radioactive source; in fact the plateau
becomes longer the nearer the source is placed to the counter. In fig. 5 we se
two curves, one of them with the source at a distance of 10 meters, i.e. practically
background, the other at a distance of 0,50 meters from the same counter. This
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fact was already pointed out by AROK & GROSS (1950) and was confirmed by
our experiments.

In our graphs we ought not to plot the number of pulses against the
voltage at the external cathode, but we should consider the voltage drop U within
the glass wall, which is roughly proportional to the resistance and to the number
of pulses, and is caused by accumulation of charge at the walls:

{f ~ RN

The voltage that should really be plotted should be the difference V-U.
The pulse height in general decreases with high counting rates. Using hard glass,
one could get "marvelous” counters with very long plateaux, as was recently
published by YASIN and collaborators (1951); they were speaking of plateaux
extending from 1.200 to more than 3.000 volts with a slope less than 0.4%/100
volts, but they don't explain anything in regard to the dependence of these large
plateaux on the counting rate. The counters with internal cathode did not show
this effect; in genera their plateaux were shorter. But an appreciable advantage
of the external type countersisthat there will hardly occur continuous discharge
at higher over-voltage as might happen with the other cathode type and which
might destroy them by the discharge, because the effective overvoltage will be
lowered by the accumulation of positive charge on the inside surface of the glass
wall.

SOME OBSERVATIONS ON THE PHOTOSENSITIVITY
OF THE COUNTERS

It is awell known fact that almost all Geiger Muller counters are more
or less sensitive to light.  The only way to suppress thisis to protect them against
light, for example by painting them with a black opague paint, but sometimes
even this will not be sufficient.

From the 600 counters that were constructed in the Centro Brasileiro
de Pesquisas Ffsicas during the last eight months we can already conclude that
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only those had little photosensitivity or were not photosensitive which were
treated in the very cautious way already described.

All counters that were considered bad, i.e. that had plateaux less than
150 volts and dopes steeper than 5% 100 volts were photosensitive.

From this we must conclude that the photoelectric effect must have
something to do with the gases that remained in the counters perhaps in the
gas volume or in the solid material, glass or metal parts.

The question remains: is it the gas (oxygen, water vapor or other gases
or vapors) in the gas volume or the absorbed ges or both?

We must distinguish between two forms of counters which are
photosensitive:

1. those which show the effect from the very beginning of
their operation
and

2. those which become photosensitive only after some time.

Counters of the first group were not so well vacuum treated as those
of the second group.

As NEUKRT & GEERK (1950) found, and later MACKNIGHT & CHASSON
(1951), the "time" for the counters to become photosensitive is about 10F to
10° pulses.

It is easy to calculate the number of alcohol molecules decomposed by
one pulse. The pulse height, may be 100 volts, and it is equal to

A = Qo _ me_ axluxin~®
N ¢ s
Assuming € = 107" F which corresponds to our enunter size we get
for the numhber of ecleetrons arriving at the eathode

n o~ 10"

The discharge being quenched by e
the alcohol vapor, an equal number of
alcohol molecules must be decomposed, - 4
this means that after 10’ pulses, 10% T 7(

=

oxygen or hydrogen or other diatomic
gases must have been created; but this i'““
number es equal to 1% of impurity in w
the counters of the first group with
photosensitivity right from the beginning or
approximately it is the number of molecules

that occupy a monolayer on the wall.

e

The question whether the
photoelectric effect occurs at the surface of a s
the solid parts of the counters or in the =
gas volume has no sense in our opinion,
because both the superficial and the volume
effects happen. In the counters of the
first group there will be the volume effect in majority at the beginning and the
surfaces of the counters will not yet have become "activated" by adsorbed
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molecules. So we must distinguish between counters that are preferentially
volume photosensitive and those that are preferentially surface photosensitive.
All counters become after some time more surface photosensitive. This is
proved by NEUERT & GEERK (1950), ARON A GROSS (1950) and by our own
experiments. NEUERT & GEERK observed photosensitivity of their pure NHj3
counters after 10° to 10® pulses, then they pumped the gases out and filled the
counters with pure argon and alcohol vapor; the photoelectric effect continued.
Immediately after the first 10.000 pulses we did the same with our counters of
the first group, i.e. counters that showed photosensitivity right from the beginning.
These counters after having been refilled with the new argon-alcohol mixture
became much less photosensitive (only 10% of that before); but those of the
second group that became photosensitive after some time kept almost unchanged
their photosensitivity after renewing the argon-alcohol filling. Counters of the
second group being degassed during pumping lost their photosensitivity after
being refilled with pure argon-alcohol.

ATTEMPT OF EXPLANATION OF THE PHOTOSENSITIVITY

What is the mechanism of the volume and the .surface photoelectric
effect in the counters?

Obviously the reason for the volume® effect is that the gas or vapor
filling was not pure enough, mainly oxygen or water vapor might be the
contaminations. And there is no doubt that the surface effect is involved with
the adsorbed products of the decomposition process of the quenching vapor and
the alkali-lime glass components.

Counters that were not well baked out showed surface photosensitivity
from the very beginning; but these we will not consider.

VOLUME PHOTOSENSITIVITY

The light that can pass through the glass must have a wave lenght longer
than 3500 A. The photons entering the counter from outside can have an energy
only smaller than 3.5 eV. But there is not any gas atom that can be ionized
by such a small energy, and collisions of second kind, i.e. by gas atoms excited
to a metastable state, are unlikely. The most likely explanation of the volume
effect seems to us that which takes into account the formation of negative ions
promoted by photons. It is known that the electron attachment to oxygen
is much higher than that to other gases.

The probability for the formation of negative oxygen ions lies between
10~* and 10-°, as figure n.° 6 (EBERT, 1951) shows, but this is sufficiently high
in the case of our counters, because the mean path is of the order of 10" cm
for electrons, so that an electron passing the counter will have more than 10
collisions with the gas and vapor molecules. As FRANCK & GROTIAN (1921)
pointed out, the probability for electron attachment to oxygen molecules lies
some ten powers higher for molecules that are already excited than for molecules
in the ground state.

As it is known on the other hand oxygen can get into an excited state
by absorbing an energy of only 16 eV (= 7.600 A) in passing an electron of the
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ground state *: tu 'Z (FRERICHS, 1930), such an excitation might occur in the
counters.  The oxygen molecule excited to this state has a life time of 7 seconds
(CHILDS & MKCKE, 1931) as it is a metastable state. And thus the probability
of the formation of negative oxygen ions seems to be rather great. Some
counters with volume photoeffect show a maximum in the counting rate-voltage-
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curve before reaching the plateau, as is to be seen in figure 7. Perhaps this
might be explained as well by observing the probability curve for the formation
of negative ions (fig. 6). Here is known to be a slight maximum of the curve
for oxygen and air and this might give reason for suspecting the existence of
resonance-phenomena.  Whether there might be relation between the maximum
of this curve and the maximum of our curves in fig. 7, or not, cannot be decided
from our experiments. But the maximum in the probabilit}' curve makes it seem
likely that the? formation of negative ions may occur after exceeding the voltage
maximum for the probability of electron attachment. At this point | should
like to emphasize how necessary it is to degas the tungsten wire, asit is well known
that tungsten easily adsorbs oxygen; electrons arriving at the central wire with
comparatively high energy may release oxygen and this will give more possibilities
for the photoeffect as described. Experiments bore this out.

SURFACE PHOTOSENSITIVITY

The surface photoelectric effect is somewhat easier to understand.
By the approximately 10" electron collisions during each pulse the alcohol vapor
decomposes into hydrogen or oxygen and hydrocarbons. These latter will deposit
on the walls and, thus, form a good adsorption surface for the hydrogen and
oxygen, s that the work-function of the wall will considerably be decreased.
As ABENDROTH (1933) pointed out, the photosensitivity of any material will
be increased by several powers of ten, when water vapor had been adsorbed by
the material. The maximum of this photoelectricity happens when we reach
a monolayer of molecules, i.e. after about 10" pulses.
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DISCUSSION

GROSS: | would like to ask whether this figure of 10° or 10° pulses for the counter to
become photo-sensitive refers to counters with internal or external electrodes.

I1. SCHWARZ: It refers to counters of the external type.

VALLARTA: Have you made neutron counters ?

H. SCHWARZ: Not yet.

RABI: DO you regenerate the counters after they become photosensitive? Can you
do something later on to decrease the photosensitivity?

H. SCHWARZ: Yes, we can.

SANTOS: | n self-quenching counters, the life of the counter depends on the destruction
of the organic vapor which is put inside; now, as the tube life is shortened by impurities which
are always present in the quenching vapor and by impurities produced during the discharge,
we have found, in our laboratory, even with inside cylinder counters, that it is not very useful
to try to make a very high degree of vacuun and to de-gas the tube. We have found that if
we have a vacuum of, eg., 0.01 mm. and then flush the counter with some argon to get rid
of oxygen and other electro-negative atoms which might be left inside, the counter behaves
as well as it would when a very careful out-gasing is made. | would like to know what, is your
experience about that.

Il. SCHWARZ: | think there are two answers: first, if one does not treat the counters
very well, as it is common in high vacuum techniques, one will shorten the lifetime and then
one has, as we observed, always very strong photo-sensitive counters. And if you do not mind
the photosensitivity | think it will not be necessary to do such good vacuum techniques. But,
on the other hand, you will not have such along lifetime aswith very well prepared counters.

SANTOS: Thank you very much for the explanation; actually, we paint the counters
in order to get rid of photosensitivity. Another question | wanted to ask is this: have you
ever measured the absolute efficiency of these counters and their dead time?

H. SCHWARZ: We did this in our laboratory and we found that the efficiency of our
counters is better than 98% for cosmic rays. The measurement were made by Dr. Salmeron
at the Centro.

SANTOS: Dr. Pieroni in our laboratory has found that these counters with an external
cathode are very sensitive to change of temperature; actually if you put a standard source at
agiven distance, in order to have a constant counting rate, the counting rate falls off appreciably
for temperature changes of a few degrees. Do you have any experience about that ?

I1. SCHWARZ: We do not find any dependence on the temperature &s far as the ohmic
resistance depending on temperature will not change the ends of the plateau, but | suppose
the reason is the one | told at the beginning, that to explore something we must have very clean
and defined properties of the counters, because if you heat the; counters it will then change the
superficial condition of the inside of the counters. That might be the influence of the
temperature at your counters.

GROSS: | would like to make some remarks about the temperature effect. | believe
that it is entirely due to the ohmic resistance of the glass and | hope to be able to show this
in my communication. The second point refers to a remark by Maze who did not heat his
counters. He apparently thought that heating was prejudicial because he found that if the
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counter is healed, it becomes more photosensitive than when it is not heated. | have no expe-
rience in this respect, since we heat the counters. | wonder if you could give some idea about
that.

I'l. SCHWAHZ: | did not have time enough to go into details. | distinguish between
two types of photosensitivity: volume photosensitivity and superficial photosensitivity. |
think the volume photosensitivity has something to do with the oxygen that remained in the
counter or that came out of the internal wire, because it is well known that tungsten wire absorbs
extremely oxygen. | found that the probability of electron attachment is stimulated by
photons as already found by Franck and Ootian in 1921. So | think that there might be
some dependency.

GROSS: But do you think the cross-section of the absorption of photons in the gas
with a pressure of 8-10 cm is really sufficient to give photoeffect of the magnitude sometimes
observed ?

I'l. SCHWAKZ: lIleal photo ceffeet not because the energy of the light that will come
through the glass must be smaller than 3.500 A, that is, equal to 3,5 €V, and there is no gas
atom that could be ionised by such a low energy. The photons must give reason for an excited
state. Thereisan excited state for oxygen only with 16 volts, and 1 suppose that it. has something
to do with this excited state. Franck and Grotian found that the probability of electron
attachment increases more than several powers of ten. At an oxygen molecule the probability
for electron attachment is about 10 ™ at about the field strength of our case and we have a
free path of electrons in our counters about 10* cm. Then; are therefore 10' collisions.
If Franck and Grotian are right, then when being in an excited state with an increase of the
probability of electron attachment by several powers of 10, we will have much more possibility
of electron attachment, let us assume an increase of 3 powers of ten, then we aready come to
one electron that will be caught by each oxygen molecule that was collided. As to the other
question, that heating the counters might be prejudicial in regard to photosensitivity, T would
like to refer to an article by Abendroth in which he points out that there; is a maximum
of photosensitivity of platinum covered with a monolayer of H,O-vapour and that the
photosensitivity decreases with larger adsorbed layers, of glass sometimes may have 30-50
molecular layers.

SALMERON: Concerning the influence of temperature in our counters, we have some of
these counters working in La Paz and supporting a variation of temperature of more than 20°
during the day and working with the cosmic rays, not with radioactive sources, the rate is
constant. | could not observe any variations with a rate of about 100 per hour.

SANTOS: With the internal cathodes filled with alcohol and argon we have found that-
not only the threshold changes with the temperature, but aso the background and the sizes
of the plateau as well; thisis known to be true for all good counters.

PIKRONI: Experimentei esses contadores, baixando a temperatura para nao elevii-la a
a, um valor a que Maze acha que danificaria o contador. Baixando a temperatura, o que se
observa e exatamente ese fato: abaixamento do threshold, encurtainento do plateau, que ao
mesmo tempo se torna inais inclinado, isto e, deixa de ser um plateau. Se estamos trabalhando
com uma tensao dada no contador, variagoes de temperatura alteram eompletamente os "counting
rates". Alias, com diferentcs tipos tie contadores observamos ese fato. Ao mesmo tempo,
observamos tambem o numero de espurias que os contadores Maze sa0 em percentagem muito
grande. O Dr. Guimaraes mesmo, observou ese fato: ha cerca de 20 por cento de espurias
nesee tipo de contador ou mais; alem disso tern um tempo morto muito grande.



Counters and lonisation Chambers with External Electrodes®

A. ARON AND B. GROSS

Imlitulo Nacional de Tecchologia, Rio de Janeiro, D.F. Bratsil.

In the Maze counter the metal cathode of the ordinary selfquenching
Geiger-Mueller counter is substituted by a layer of Aquadag applied externally
to the glass envelope. Alkaline glass of low specific resistance (7,5 X 10*
Megohm/cm) is used. Such counters have been used extensivily for cosmic
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ray work in this country and in France. The present paper relates a systematic
study of their properties. The main results are:

a) New counters have plateau of about 300 — 500 V with a slope
less than 5%. After 2 X 10° counts under a voltage of 200 V above threshold
the plateau is still half this value.

b) The capacitance of the glass wall is aproximately 107" Fem?
Thisis sufficiently high for single pulses to pass through undistorted.

c) The glass acts like a leaky capacitor of time constant 0,5 sec. The
charge which it acquires during functioning can be thought of as producing a
counter e.m.f. that increases with the mean pulse rate and the value of the applied

Supported by the. Conselho Nacional de Pesquisas.
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voltage. This makes the characteristic intensity dependent. Pulse rates like
those encountered with cosmic rays are so low, that no trouble is experienced
by this fact.

&)  The counter e.m.f. is given by n X ¢(I7,) X R where 2 is the number,
of pulses.”see, g€/} the pulse size at voltage &, znd R the resistanee of the glass.
Thus, when [/, is the applied voltage, the internal voltage U; is given hy the
cquation

Fi=U, —ng(liy R

This equation explains the intensity dependence of the characteristic
and the temperature effect. Indeed, since R is strongly temperature dependent,
an increase of temperature reduces and a decrease of temperature increases the
counter em.f. If the operation voltage of the counter was not sufficiently high
above threshold, a strong temperature decrease may produce erratic results.

e) Behaviour and characteristics of the Maze counter can be precisely
duplicated by acircuit constituted of a counter with internal electrodes connected

in series with a capacitor shunted
by a resistor.
P f) The counter withstands

— 2___ 4“ 1~ without damage application of high

i
i

excess voltages, no arc discharge
. T being able to form in the gas.

g) Quenching properties
are excellent. The counter can be
Fig, 2 — lonizalion chamher shown to quench normally in a
shorted condition.

e

h) It is possible to substitute the wire anode by a glass capillary filled
with a conducting liquid. Thus an "all glass' counter is made.

The same principle can be applied to the construction of an "all glass"
ionization chamber. Such a chamber is constituted by two concentric glass
bulbs of alkali glass. Theinternal sphere carries
a silver coating on its insde’, the external sphere — f ! T
an aquadag coating on its outside. In conse- e —
quence of the smallness of the currents to be r-"‘ T

measured, special care must be taken, to avoid
parasitic surface currents along the glass. For
this purpose a) a guard-ring system is used; 32
b) the glass parts connecting the two bulbs are ™!
made of high resistive pyrex or lead glass, and
c) the construction of the connecting parts is
such as to exclude the possibility of formation
of a humidity layer at the free glass surfaces.

With a halfliter filled with argon under -4—— . % J
atmospheric pressure currents of 10°** A and
higher can be measured. This gives a lower IMig. 3 — Baturation eurve of lonig-

Lo R tion chamber, By 4 rays giving 3.000
limit approximately 4 X 10° roentgen/sec. paire of innsferdsen in wir of NT.P,




COUNTERS AND IONISATION CHAMBERS 108

DISCUSSION

VALLARTA: 1 do not know if it is worthwhile to go back to the question of temperature
effects on these counters which was discussed a moment ago, but just the same | would like
to ask you what is your experience regarding temperature effects.

GROSS: WE have studied the temperature upwards and not downwards. We have
made measurements at about 20° and Dr. Aron has studied the influence of an increase in
temperature. Nothing happened, and the characteristics did not deteriorate. Now, if you
reduce the temperature, you increase the resistance, and then you will find that the threshold
will go up and at the same time you will reach probably sooner, a zone where the characteristics
are intensity-dependent, Now, it depends, of course, on the resistance of the glass, whether
you will find a sufficiently wide zone, where you can work. | would like to point out that
since the plateau is about 400 volts one has a wide choice.

COSTA RIBEIRO: I would like to remark that the difference of behavior of those counters
according to temperature could be explained by the fact that the resistance of the glass and the
temperature coefficient of this resistance, depends strongly on the nature of the glass employed.
This would explain the difference of behavior of the counters of Maze typo that have been
employed by the group of Seo Paulo and those that have been built here.

GROSS: | have an experience with these counters here, the resistance of which is shown
on the table. The behavior depends aso on the voltage you work with. Some people prefer
not to work too high, just above the threshold, because that increases the life of the counter.
If you do not work high enough the threshold, for instance in certain experiments where you
need a very high life, then you will find that there is a very strong temperature dependence.
But, if you are free to choose your working point high enough you probably would not.






Photoeffect of Geiger-Counters with External Electrode*

A. ARON

Ingtituto National de Tecnologia, Rio de Janeiro, D. F., Brasil

"Geiger" counters, especially counters with an external cathode, con-
sisting of a layer of graphite applied to the glass envelope ("Maze counters")
show a great sensitivity to visible light. This sensitivity is due to photoeleetrons
produced by photons entering into the space between cathode and anode. We
observed the same sensitivity with the all-glass-counters, constructed by Dr.

=z
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Fig. 1 Tnerewse of photrsensitivity with ngmber of pulses for 3 sounbers

Gross, which have no internal metal-parts. This justifies the conclusion, that
the wire anode of the "Maze" counters is not the source of the photoelectrons.

We have made a series of experiments with "Maze" counters, filled with
90 mm Argon and 10 mm vapor of ethyl-alcohol, mounted in a distance of

*  Supported by the Consdho Naciona de Pexuiss
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9cm from a 20 W fluorescent lamp parallel to this lamp in a closed wooden
box.

Our researches are not yet finished. The main results are:

1) No new counter is photoelectric.

2) The counters become photoelectric only after a certain minimum
number of discharges has occurred.

3) The photosensitivity increases with the number of discharges,
which have passed through the counter. In many counters the increase is
stronger than linear. Eventually the pulse rate may increase more than
100 fold.

4) The minimum number of discharges necessary for the photoeffect
to appear and the increase of the sensitivity are very different for different counters
constructed in the same manner. Fig. 1 shows the increase of photosensitivity
with the total number N, of pulses which are recorded, giving (N; — Ng)/No
where Ny is the pulse rate without and N; the pulse rate with illumination in
function of N, The starting point and the inclination are very different for
different counters. All counters however are at first not photoelectric.

TABLE 1

EXTENSION INCLIKATION

TEAPELATG RE TIME L Ny -~ Ny oF OF
NEATING Nﬂ - THE PLATEAT THE  I'LATEAY
o} ¥olt Toopo 100V

-— — 134 350 4,3

1 lwmr 134 30 3,2

5 min, 20 300 3.2

1 hour 29 400 3,7

2 hours 0.6 270 7.2

5) With acounter of high photosensitivity and avoltage not sufficiently
high above the threshold voltage it may happen, that the recorded pulse rate
under illumination decreases and the discharges finally cesse completely. One
could be led to believe, that the pulse rate is diminished. But one must consider,
that the glass-wall acts as a resistor as well as a capacitor; with the increase of
the pulse rate produced by the light, the difference of potential across the glass
may increase so much, that the voltage of the internal surface (the real cathode)
falls below the threshold voltage. A sufficient increase of the external voltage
shows the real cause of this phenomenon.

6) When the voltage is removed, the photosensitivity deacreases slowly.
A counter, which has not been used for some weeks or months, when put into
operation again, shows at first a much smaller sensitivity than before. But
already after quite a small number of discharges it regains the former photo-
sensitivity that still increases by more discharges. A new counter would have
needed at least some thousand discharges to become photoelectric.  Fig. 2 shows
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this effect. It gives the photoeffect of a new counter (curve a) and that of the
same counter obtained some time later and after severe electrical treatment (curve
b). Curve b risss much faster than curve a. (The maximum is caused
by a secondary effect).
7) The photosensitivity
N 4 .—..._] incresses with the applied voltage. We
F—_—— measured with decreasing voltage and
o 1 with the least possible number of
ﬂ‘., ol .| discharges for the sake of reducing to a
minimum the error which is caused by
L+ | theincrease of sensitivity with the total
) number of discharges. The curve of fig. 3
shows the increase of photosensitivity
- i of a counter with voltage, within the
1 Fig. 2. Photuelfoet—~a) of o new counter plateau (about 250 V). Increase of the
t &) of the xame connder after severe voltage from 1050 V to 1300 V gives a
rleeirienl treatment. factor of about 5.

8) When the gas filling is removed and the counter is degassed some
days under vacuum without heating and then filled again, the photosensitivity
always disappears completely and the counter behaves like a new one. This
is shown in fig. 4.

9) The photosensitivity can also be diminished by heating.  Sufficiently
high and long lasting heating eventually reduces the photosensitivity to 0. Together
with the reduction of the photosensitivity by heat we observed a deterioration
of the characteristic of the counter, probably as a consequence of release of gases
from the glass surface by the heat. These gases form negative ions and so cause
double pulses. Table | shows the behaviour of a counter which has become
very photoelectric by the passage of 1.500.000 discharges and then was heated
to different temperatures and for different times. A heating to 100° C during
1 hour had not yet any influence neither on the photosensitivity nor on the
characteristic. A heating to 150° C one time during 5 minutes and the other
time during 1 hour reduced the photosensitivity respectively to 3/5 and 1/5, adso

without any essential modification of the o
characteristic. A heating to 150° C during ‘

2 hours reduced the photosensitivity almost 4
to 0, but modified the characteristic. //'

Heating to higher temperatures can reduce ) L
the photosensitivity still further but modifies # I
the characteristic so much, that a plateau

cannot be observed any more. The reduction t -

of the photosensitivity obtained by heat /
does not last long. The photosensitivity
increases to a multiple of its reduced value
within hours after cooling without electrical
treatment. It is interesting to note, that the
dark characteristic of a counter which has deteriorated in consequence of
heating, becomes normal again after a sufficiently great number of pulses
has passed through. It looks as if the gasss are adsorbed again.

] e
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Fig. 3. Thotoeflecl in function of
Yoltage,



108 A. ARON

These are the facts known to us. Our researches are chiefly a
collection of material and as mentioned before, are not yet finished. The
explanations we can give so far are not very satisfactory. But it will be better
not to give too many explanations before knowing all facts. Even with
metastable atoms an interpretation is difficult on' account of their short

life. The expression: "gas
| atoms modified by the
discharge" means gas
atoms whose work-
-function is diminished
NA sufficiently by the
discharges to allow photo-
-emission under visible
light after their adsorption
by the glass wall, but
with a much longer life,
Y than the known

metastable atoms. Of
o 4..-/ //

course the existence of
¥ In conclusion:

w oy
3

such atomsishypothetical.

N a) The photosensitivity

g 4. Effect of new filling, Curve v shows phelooffert. Of @ new counter is 0.

ol & new enunter. Curve B shows phtoeffoct of the sume That of a counter, which

eounter after new (illing. !

has already become

photoelectric, disappears completely with a careful substitution of the gas

filling. It seems therefore, that gas atoms modified by the discharge are the
sources of the photoeleetrons.

b) Since the photosensitivity disappears aso with a sufficient heating
of the glass, we assume, that only a thin layer of gas atoms adsorbed by the glass-
wall is effective and that only for these work-function is small enough to allow
photoemission under visible light. The return of the sensitivity some hours
after the cooling can be explained by a new adsorption of the released modified
gas atoms after the cooling. (With a careful new gas filling a return of the
sensitivity is not observed).

c¢) The discharge-and voltage-dependence of the effect can be
understood in this way.

d) The change of the characteristic, which is observed, when the counter
is heated, can be considered as an independent phenomenon, caused by negative
ions of adsorbed gases, which together with the adsorbed argon atoms are released
from the glass-wall.



Discusson of Experimental Results on the Scattering of
Protons by Protons

R. G HERB
University of Wisconsin, Madison., Wis,, U. S A

Previousresults on the scattering of protons by protons have satisfactorily
established the S-wave phase shift over the energy range available from
electrostatic generators. These results gave no conclusive evidence for higher phase
shifts but did not rule out P or D-wave shifts which might be expected from
rcsonable assumptions in regard to the nature of the proton-proton force. Results
obtained with conventional cyclotrons did not alter this picture. During the
past few years extensive measurements have been made up to energies of a few
hundred Mev. These data have proved dificult to explain theoretically and the
natureand detailed characteristicsof theinteracting forcearestill poorly understood.

Data of higher accuracy in the energy region of electrostatic generators
appeared to offer promise for observing contributions of partial waves of higher
momenta. For the past few years measurements by |I. R. WORTHINGTONT, J. N.
MCGRUER, and D. E. FINDLEY have been in progress at Wisconsin up to proton
energies of 4.2 Mev. Results are now complete except for some details of
analysis. In this work, sufficiently stringent requeriments were put on all
apparatus and all measurements so as to give an overall accuracy of a few
tenths of one percent.

The absolute energy of protons from the Wisconsin el ectrostatic generator
isknownto. 1 % and inthiswork theenergy spread of the protonswasheld to . 1%.
Before entering the scattering chamber, which contained hydrogen gas at a pressure
of 8 mm mercury, the proton beam was retricted by two diaphragms one meter
apart, each with acircular aperture of 1.5-mm diameter. Thus the half-angle of
the beam was held to .1°. Through this collimator a beam current of .2 to .4
microamperes was maintained. By means of a series of capillariesin the collimator
with pumps between to give differential pumping, the region containing hydrogen
was separated from the evacuated region from which the protons entered.
Hydrogen was admitted to the chamber through palladium tubing.

Each of the many absolute measurements required in this work presented
a problem of substantial proportions. Much time and effort went into the design

and contruction of an oil manometer for the measurement of hydrogen pressure,
and measurements with a probable error of .025% were achieved. Temperatures
were stabilized by stabilizing room temperature. They were uniform over the
scattering chamber to within .1°C and were measured to .05°C.
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The effective scattering volume, the solid angle subtended by the detector,
and the angular region under observation were defined by a set of analyzer slits
through which scattered protons passed to a proportional counter. These slits
wen* made from stellite by the Gaertner Scientific Company. Because of the rapid
variation of yield with angle, three sets of slits were used to keep counting rates
constant to within a factor of ten over the angular region observed. These slits
could be changed quickly without opening the scattering chamber. The slits
determined a geometric factor and errors in measurement of their dimensions
were such that the probable error in this geometric factor was .04% for the largest
slits and .14% for the smallest.

Pressure in the proportional counter could be changed without opening
the chamber. The overall resolution of the counter-amplifier system was
approximately .15 microseconds. The analyzer slit and counter assembly were
mounted on a wheel which had been the meridian wheel of atelescope. It was
equiped with an angle scale which was accurate to one second of arc and, as used
in this experiment, angular settings could be dependably made to .001°.

Contamination was continuously monitored by acounter with avery wide
solid angle which viewed the beam at an angle of 90° and thus was sensitive only
to substances heavier than hydrogen.

Measurements were made at six different energies from 18 Mev to 4.2
Mev and at each of these energies measurements were made at thirteen different
angular settings from 6° to 45° in the laboratory system. At each angle and energy
setting over 200,000 counts were obtained, and at many of the lower angular po-
sitions over one milion counts were obtained.

Some of the more important sources of error were as follows:

1) Some protons were multiply scattered in the gas and reached the
counter after two or three scatterings. This effect was appreciable, but by suitable
arrangement of slits and baffles multiple scattering into the beam defined by the
analizer slits was compensated by multiple scattering out of this angular region.

2) The proton beam asit passed through the scattering volume contained
some protons which were low in energy because of penetration of collimator
apertures. The energy spectrum of the incident protons was determined by
counting oversized pulses as a function of counter pressure and proton energy.

3) Some protons entered the proportional counter after penetration and
scattering at the edges of the analyzer slits. This effect led to an increase in the
effective size of the analyzer apertures. The magnitude of the effect was studied by
pulse-size analysis and by comparison of results from the three sets of slits. The
results checked reasonably well with computations. Corrections were appreciable
only at very small angles. The sum of this contribution and the contribution
described in paragraph three is known to higher accuracy than the separate effects.
In the most critical low angle region the sum of these corrections is about .3%.

4) The scattering volume contained some contaminant geses which
contributed to the scattering yield. Yields were monitored continuously at 90°.
Measurements of the angular dependence of contaminant scattering were made.
Corrections were appreciable only at small angles and here these corrections were
mostly between .4% and .6%.
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In an attempt to locate all sources of importants errors, extensive data
were taken at laboratory angles above 45°. Different pressures were used in the
scattering chamber. Pressure in the proportional counter was varied. Different
gases were used in this counter, and nickel foil of different thicknesses was used to
separate the counter from the scattering chamber. For all of the data, pulsus
from the amplifier were fed through two different channels with the discriminator
of one channel set at .2 of the overall pulse height and the discriminator of the
other set at .4 of the pulse height.

Computation of the corrections was a laborious problem involving much
cross-checking for consistency. Analysis of the slit edge corrections and some
work on determination of probable errors is still in progress. For the past dSx-
months values computed for cross section have been changed very little by the
analysis of errors and further corrections are expected to be insignificant. The
set of corrections now appears to be unique and as accurate as can be determined
from the data.

In the angular region above about 15° the probable error in cross-section
values appears to be about 0.3%. Assessment of probable errors at low angles has
not been completed. It will probably be about .6%.

Data wereanalyzed by H. H. HALL and J. L. POWELL, using at first only an
Swave interaction. Regular departures beyond the estimated probable errors were
observed at small angles. A least squares fit to the data was then made assuming a
combination of S and P- wave phase shifts with a weight assignment to each data
point according to the experimental uncertainty of the point. Values determined
for Ko and K; in this analysis are given in Table I. Vaues of K; appear to be
dependable to about + .05° and values of K; appear to be determined to about
+ 30%.

TapLe 1

My Ke '

{degerees) (ilegreps)
.85 44230 - 4R
1.858 44 281 — 0.0
2.425 43,3138 —- 075
3.037 50, 60 — .
3.527 52404 - o7
38451 53,277 - A0
4.208 fuf. 824 R /1t

The values of K+ have an energy dependence which agrees reasonably well
with ordinary assumptions about the range of interaction, although the value at 4.2
Mev departs considerably from this trend. The anomalous behaviour of the 4.2 -
Mev value may be taken to indicate the presence of some unknown experimental
error which could invalidate conclusions relative to the presence of P -waves.
Another interpretation might be that the low value of K; at 4.2 Mev is genuine
and the variation of K; with energy behaves in an anomalous manner.

The interpretation which appears most probable is that the absolute value
of K; continues to increase smoothly with energy above 3.9 Mev and that the
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experimental value at 4.2 is low in absolute value by approximately twice the
probable error. A plot of the theoretical curves determined by the least squaresfit
appears to show small systematic departures from the experimental data. These
departures are in 90% of the cases less than the probable errors. The systematic
departures have a shape which bears a resemblance to the contribution expected
from aD - wave with a negative phase shift of the order of magnitude of .01°. The
improvement in fit by inclusion of the D-wave contribution is too small to be
considered good evidence for its existence.

The S-wave phase shifts determined by this analysis agrees well with
previous values and confirms the current interpretation of the S interaction in
this energy region. The magnitude of the P-wave phase shifts observed can
be fitted by assuming charge independence and a conventional two-nucleon
interaction in which WIGNER and MAJORANA forces enter with the proportions of
.4 and .6, respectively. These conclusions in regard to the interaction are neither
unique nor conclusive.

DISCUSSION

WIGNER: One of the interesting things which perhaps one time it will be possible to
see on the basis of similar measurements are the three phase shifts of the three different P waves.
One might ascertain to what extent they can be explained or described by means of tensor or
spin orbit interactions. In principle these measurements should permit one to distinguish
between these two alternatives.

HERB: In regard to this problem the P wave has an angular momentum of one unit.
The two protons have spins in the same direction so the total spin isone and J may have a value
of zero, one or two. The simplest assumption would be that the interactions are the same for
J = 0, 1or2, butthis may not betrue. It would, therefore, be very interesting to see whether
the three phase shifts could be separately determined. It looks as though the data are not
sufficiently accurate to make this possible.

MOSHINSKY: | would like to ask if these data have been interpreted using the boundary
condition formulation proposed by Brcit.

HERB: NO, no such analysis has been carried out.

RABI: | would like to ask what your experimental limits are. For example, what
was your counting rate on these very sensitive points. My questions are tending to the point
whether you believe it is possible to do these experiments much better at these energies. |
mean, it seems that you were pretty near the limit and it would take one hundred times as much
work to do a little better.

HERB: We appear to be near the practical limits of experimental accuracy. At the
lower angles the data are dependable to about five tenths of one percent, and at higher angles
about three tenths. To improve this greatly would be extremely difficult.

UABI: Are we about at the end of where we could get?

HERB: It seems to me that the measurement would be more valuable if carried a few
million volts higher in energy.

WIGNER: Does this phase shift analysis become more difficult at higher energies?

HERB: Actually, | think it does not, if measurements are made carefully as a function
of energy so that we can follow separate phase shifts as they enter and increase in value.

ANDERSON: Could you say something by way of reassurencc that the anomaly which
you find at small angles might not have; some experimental cause, some misalignment or some
scattering of particles. Do you have some independent check?

HERB: Alignment of all parts was sufficiently accurate so that alignment errors are
negligible. Errors in measurements of containments could perhaps be greater than we claim.
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ANDERSON: D O you know of some attempt to do the type of measurement in which
one detects not only the scattered but the scattering particle as well?

HERB: | should have said more about other experiments; many other measurements
have been made recently. At Princeton some very fine work was done at 18 million volts.
These results indicate a positive P wave phase shift at 18 Mev. Recent results at lllinois, at
about 5 million volts indicate a negative P wave phase shift of about the value; to be expected
from extrapolation of the Wisconsin results.

ANDERSON: How big a correction is introduced by scattering of the protons as they
pass through the gas from the scattering center to detector?

HERB: Some of the protons do not go into the collector cup but get scattered out.
At our lowest voltage this correction is about 0.03%. It is fairly easy to measure and quite
easy to correct for. Then we have protons that come from the proper scattering region and start
toward the analyzer but are then scattered through a small angle and miss the counter. This
scattering out of the beam must be compensated by scattering into the beam. If adequate
space is provided around the beam, compensation is good.






The Determination of the(Y,N)CrossSection for Cu® and zZn®

J. GOLDEMHERG, R. R. PIERONI, M. D. S. SANTOS AND E. SILVA

Laboratdrio dc Fisica Nuclear, Universidade de S Paulo, Sao Paulo, SP., Brazl

INTRODUCTION

Several measurements were carried out on the photodisintegration of
Cu ' both with monochromatic high energy 7 rays (BOTHE & CENTNER, 1937 &
1939, ITIRZEL & WAFFLER, 1947, WAFFLER & HIRZEL. 198 and with the
continuous Brernsstrahlung spectrum available from Betatrons (BALDWIN & KOCH,
1945, BALDWIN & KLAIBER, 140, MCELHINNEY, HANSON, DECKER, DUFFIELD
& DIVEN, 1949; JOHNS, KATZ, DOUGLAS & HASLAM, 1950).

The experiments carried out with "monochromatic" 7 rays have been
made with the .17,0 7 rays available when lithium and boron are bombarded with
protons: those experiments have shown that a (Y,n), reaction takes place leading
to the formation of Cu®® and the cross-section for the process has been worked out
(BOTHE & GENTNER, 1937 & 1939 HIRZEL & WAFFLER, 1947; WAFFLER & HIRZEL,
1948). As the spectrum of the 7 rays emitted in thex* reactions show that there
is more than one line energetic enough to photodisintegrate the nucleus of Cu®,
the cross-sections give the order of magnitude only, since the behaviour of the
reactions at different energies is not known.

Recently, however, it has been shown that the knowledge of the yield of
one of the disintegration products of a reaction produced by -Y —rays from a
Betatron or Synchrotron (as a function of the maximum energy of the
Brernsstrahlung spectrum which produced them) and the dose, allow a
computation of the photonuclear cross-section involved in the process, provided
that the shape of the Brernsstrahlung spectrum is known as a function of
the energy (JOHNS, KATZ, DOUGLAS & HASLAM, 1950; BALDWIN & KLAIBER, 1948;
PERLMAN & FRIEDLANDER, 1918; ALMY & DIVEN, 1950; KATZ & CAMERON, 1951).

The experiments carried out with Cu®®, with Betatrons, show that the
cross-section against energy curves have shape similar to resonance curves, that
is, they are peaked: in the cae of Cu®® experiments have shown that there is
only one peak over the energy range from 10 to 100 Mev.

It was found that the behaviour referred to above is a general trend of
photonuclear processes and several theories were put forward to explain the
observed facts since according to the compound nucleus theory, the drop-off
of the cross-section should be due to the competition to the (y,n) reaction afforded
by the (y,2n), etc. and the experiments in a few instances show that the cross-
section for these competitive processes is much too small to explain the observed
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facts, although several experiments are in good agreement with the compound
nucleus theory (EYGES, 1952).

As the process CU® (y,n) Cu® has been measured by several investigators
and the process is believed to be well known the induced activity in copper was
proposed as a comparison monitor for a beam of X-rays(MCELHINNEY & SIEWERS,
1951).

It is the purpose of this paper to describe some experiments on the
(y,n) process in Cu®and Zn%“and to discuss the behaviour of these reactions up to
28 Mev.

EXPERIMENTAL ARRANGEMENT

Electrolytic copper plates of 550 mg/cm?® were irradiated by the beam of
the Betatron inside a lucite block (JOHNS, KATZ, DOUGLAS & HASLAM, 1950) in
conditions of good geometry. The experimental arrangement was such (fig. J)
that the angle subtended by the plates, in the forward direction, was of 15 just

behind these plates, inside the
ﬁEﬂ“ lucite block, a Victoreen thimble
chamber (100 R) was used to

/ measure the energy flux of the

Ci 1 g incoming radiation.
Both the thimble and the

o ] Condenser R-meter used during

the experiments were periodically
o ] checked through the use of
radium standard and known
potential differences, respectively;
the errors in the measurements of ionization are believed to be smaller
than 2%.

At several energies measurements were taken with and without, a
cadmium shield (3 mm. thick) which surrounded the copper plates inside the
lucite block: by that procedure it was possible to evaluate the contribution
due to the (n,y) process in Cu®® and in Cu®® and it was found that even with the
highest energy attained in our experiments its influence on the whole activity was
smaller than 1%.

In order to avoid the unwanted activity of the Cu® (y,n) Cu® reaction,
the samples were bombarded during time intervals between 120 and 150 seconds;
in the high energy range this circumstance obliged us to decresse the yield of the
machine in order that the leadings of the thimble could be within its range.

The instantaneous intensity of the X ray beam was monitored by means
of an aluminum ionization chamber, filled with air; this chamber placed behind
the lucite block had the purpose of giving information on the yield fluctuations
during the bombardment. In the excitation function represented in fig. 2 only
measurements in which the instantaneous intensity did not fluctuate by more
than 5% were considered; this stability was usual since the Betatron was
excited by means of an alternator provided with an electronically controlled
magnetic drive.

Fig. U — Experimental arrogenwent
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The induced activities were measured by means of a 19 mg/cm? mica
end window counter (Tracerlab, TGC 3) connected to a Berkeley model 1000
scaler; the efficiency of the counter and of the counting system were accurately
known and the geometric efficiency of the et
measuring arrangement was determined by
a method described elsewhere.

»

DETERMINATION OF THE X-RAY
ENERGY e

The energy control of the -
University of S. Paulo Betatron is rather
conventional in its main principles
(GOLDKMBERG, SANTOS & SILVA, 1951): as
the energy acquired by the electrons
during the acceleration cycleisproportional
to the magnetic flux linking the equilibrium
orbit, which is, in turn, proportiona to
the magnetic field at the orbit, the energy
can be controlled by producing an expansion
of the orbit at a predetermined field ) _
strength. A coil wound across one of 'K 2‘thlc"‘('}:fgtf:’:,)F}f-:iiu;::"f_’t?,t,:ﬂ""If o
the yoke legs developped a potential '
difference of about 8.000 volts. A resistor and a condenser in series were
connected to this coil and the time constant of the RC circuit was large with
respect to the period of the alternating voltage. The voltage developped across
the condenser, being proportional to the integral of the applied voltage, was,
therefore, proportional to the magnetic field at the orbit and hence to the
momentum of the electrons.

The kinetic energy of the electrons was adjusted by means of the bias
control on atrigger circuit whose output fired athyratron and a GL 415 ignitron.

It was therefore possible to expand the orbit, at a predetermined vaue; of
the magnetic field. A precision potentiometer was used for this bias control
and a helipot was used for the fine adjustment of the bias voltage?.

The stability of the machine, its temperature effects, and a comparison
of our voltage integrating scheme with the usual one are described elsewhere.

—_th
—— It
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DISCUSSION OF THE EXPERIMENTS
a) Cu® (y,n) Cu®

Samples of electrolytic copper were bombarded using the technique
described in 83. The corresponding excitation function is represented in fig. 2,
where the points represent the results of several independent measurements
carried out with different copper plates at different beam intensities; this
procedure was followed throughout the energy range from 109 to 27,8 Mev, in
order to have accurate results and eliminate any systematic errors that might
arise during a particular bombardment. The obtained values agreed with each
other within the inherent accuracy of the Victoreen Condenser /2-meter which
was used as a beam intensity integrator in all the measurements.
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As the Bremmstrahlung spectral composition changes with the angle
about the forward direction (GOLDEMBERG, PIERONI, SANTOS & SILVA, 1952),
we have decided to avoid the use of the conventional large monitor chamber
- and the corresponding beam

integrating circuit in order to
get rid of any error that might
s wmoswwm  dise from its use a thimble
ionization chamber was
therefore used in al our
experiments. As the thimbleis
activated during the exposures,
care was taken to avoid its use
whilst this "leakage" current
might contribute to errors of
the order of the inherent error
T E VA Y AT Tt R R R s R A Oftheinstrumentintherange
e ] of intensities that were
Fig. 3. Crossseetion for the On® (y,n) Cu™ reaciion. Measured; the drift produced
by this acti vation is quite
serious at energies around 18 Mev and up and compelled us to wait for the
decay of the induced activities since only one 100 R thimble was available
during the measurements.

The integrator energy scale was calibrated by means of the threshold
of the Cu® (y,n) Cu® reaction whose value 10.9 Mev is well known (MCELHINNEY,
HANSON, BECKER, DUFFIELD & DIVEN, 1949); use was made of the parabolic
rise of the excitation function near the threshold.

The linearity of the scale was checked with the thresholds of the reactions
C2 (y,n) C* and zn®™ (y,n) Zn®® which were found to agree with the accepted values
(KATZ & CAMERON, 1951). We have found that the scale calibration was constant
in all our experiments; the activities due to the Cu and Zn reactions were measured
several times at a given integrator setting and the thresholds checked by the method
described above; no discrepancies larger than the experimental errors were
observed with the excitation functions measured for the Cu reaction by us
several months ago (GOLDEMBERG, SANTOS & SILVA, 1951).

All the ionization measurements made with the thimble chamber were
corrected for both pressure and temperature; as the chamber was kept always
inside the lucite block (except when readings were taken), its temperature was
assumed to be that of the block whose temperature was read with a thermometer
imbedded in it.

In fig. 2 the excitation function for the same reaction as obtained by
JOHNS, KATZ et al., is plotted in the same scale for comparison: it may be observed
that our measurements do not show the rapid fall-off observed by the Saskatchewan
group and by several others; it has, however, the same shape observed by
MCELHINNEY, HANSON, BECKER, DUFFIELD & DIVEN (1949) who have measured
this excitation function up to about 22 Mev.

In fig. 3 the cross section for the (y,n) proccess in Cu®® as calculated by
the "photon difference method" is represented together with the results due to
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JOHNS, KATZ, [DOUGLAS & HASLAM 1950); it may be observed that although the
cross-section obtained by us shows a "resonance” peak the energy at the maximum
cross-section is of the order of 21 [Mev; its half width is of 6 Mev. In the same
figure are plotted the values obtained by BOTHE & GENTNER (1937), (HIRZEL
& WAFFLER, 1947) and (WAFFLER & HIRZEL, 1948); the agreement between our
results and WAFFLER & HIRZEL
is rather good although
uncertainities of the
Bremsstrahlung  spectrum
composition as well as in the
absolute disintegration rate
might well show that the
agreement is fortuituos
although no large discrepancies
are to be expected.

-ty
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b Ze™ (v.m) Za"™ LR R N N RE A N N A

Zinc plates of the Fig. 4. Ezeitation fuaction for the Za* (y,n) Zn¥
same dimensions employed in reaction.
our experiments with copper
were bombarded in our standard arrangement. The purity of the Zn sample®
was tested by means of the induced activity: the decay curve shows the
presence of a single activity with 38,2 min half life due to the formation of
Zn® through a reaction (y,n).

During the experiments carried out with Zn, severa different irradiation
times were employed in order to have high intensities near the threshold; as the
energy went up, the irradiation time was decreased so that a two minute
irradiation was found to give rise to a strong activity around 20 Mev and up.

The Zn plates are found to be quite uniform and of about 240 mg/cm?.

The excitation function (fig. 4) for this reaction rises showly from its
threshold and increases steadily up to 28 Mev although from about 23 M ev onwards
a decrease of the slope is noticeable.

The calculated cross section for this reaction is represented in fig. 5;  this
cross section calculated by the "photon difference method" shows the resonance
peak characteristic of the photonuclear processes; this peak is situated at an
energy of 20,7 Mev, whereas its value, as found by the Saskatchewan observers
(KATZ & CAMERON, 1951) lies at 18.5 Mev. The half-width found in our
measurements is of about 11.3 Mev whereas the measurements reported by
Johns, Katz at al., give 7.1 Mev.

DISCUSSION OF THE EXPERIMENTS

a) The measured activities were corrected for the experimental
influences on their activity such as bombardment time, time delay between the
end of the irradiation and the beginning of the activity measurement and the
time interval during which the activity was measured; as those measurements
involve a precise knowledge of the half-life (see The Science and Engineering of
Nuclear Power) a precise determinaton of the half-lives of Cu®? was carried out
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by utilizing the method discussed by PEIERLS (1935): the value of 9.80 + 0.07 min
was obtained whereas for Zn the value obtained was 38,2 min in accordance
with the accepted value.

b) As the calculations of the geometric efficiency of a retangular source
is very tedious, use was made of the comparison of the counting rates of a circular
copper source 2 mm. in diameter with a rectangular copper plate of the same
thickness, both irradiated simultaneously at 20 Mev in order to have a high
specific activity; the measurements were repeated with several sets of plates
at counting rates where the loss of the scaler for coincidences was negligible.
By this procedure? it was possible
to determine the geometry factor
for the rectangular samples used
in our experiments.

e) In order to evaluate
precisely the self-absorption of the
radiation two different methods
were employed:

1) the measurement of
the absorption coeffieent of the
radiation emitted by the isotope in
the target material (ATTEN, .Jr.,
1950).

T
§ i

AR —_— 2) the determination of
T T e 7T T 1 thesaturation curve of the specific;
activity as a function of the
I, & Crossesection for the Ze™ (y,n) Ze™ renetion, target thickness (FRIEDLANDER &
KENNEDY, 1939).
The results obtained by both methods showed a remarkable
consistency- No correction for "self-scattering” was made.
d) As the element Zn®® has a rather complex decay scheme (SKAHOHCI
& PERLMAN, 1948, HUBER, MEDICUS, PREISWERCK & SCIIERRER, 1947, BRADT,
GUGELOT, HUBER, MEDICI'S, PREISWERK, SCHERRER & STEPHENS, 1%46) a
correction was made in the computation of the saturated activity.
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DISCUSSION

KERST: | wonder it you have seen any breaks in the excitation curves, such as those
by Katz and Johns? What is the lightest element you have used so far?

SANTOS: SO far we have not been able to locate any sharp discontinuity in our
excitation functions. We have bombarded carbon, oxygen, zinc and copper, and we have not
found any sharp break which could be ascribed to an excitation level or something else. It
may be that our Betatron is not as stable as Katz's. We were not able to confirm the
existence of levels.

KERST: In regard to your other measurements with zinc and copper, | think you
brought, up an important discrepancy that seems to be jumping around from laboratory to
laboratory, and it appears as though | were going to make some inter-laboratory check to see
what, is wrong with some of the determinations of peaks and cross-sections. | think that there
are innumerous possibilities for errors, and 1 know you are getting rid of these successfully.
But | have, always been curious since the Canadians mentioned these breaks in the curve of
oxygen which are attributed to excited levels in oxygen, since they are examining the activity
of the resulting nucleus. | have wondered whether or not they would be apparent in carbon,
for example, and | see that you have not found them yet.

BAWITSOUER: Nao s pode sugerir alguma explicacao para a diferenea entre as curvas
obtidas em Sao Paulo e as de Katz, por exemplo?

SILVA: A primoira vista supunhamos evidentemente, que talvez estivessenios crrados
em qualquer mint das medidas. Entretanto, todos os checks que podiamos ter feito na funcao
de excitaeao, foram feitos. Boderia haver, por exemplo, um eiro na edihracao da energia. Como
disse, ealibramos com 4 reacoes, isto e, em 4 pontos diferentes. A calibracao da energia estava
correta. Boderia haver erros de medida de intensidade. Isso tambem nao, porque alem de tra-
balharmos numa dada tensao do contador, tambem tinhamos um "standard", com o qual verifi-
cavamos o contador, em cada uma das medidas. De forma que nao posso encontrar de nossa
parte, nenhum erro, O fato de a nossa curva subir em altas onergias enquanto que a de Katz
sat ura, isto e, depois de uma certa energia ela nao sobe mais, pode-se explicar, supondo-se que
talvez haja no betatron de Katz, saturaeao do "wafer".

SMITH: Sobre este ponto desgjava lembrar que Katz apresenta curvas de seceso de
ehoque, com o maximo, na regiao de 25 milhoes para outros elementos. Tern assini 2 acima do
22, e 1 com 25,6. Nao me lembro qual foi o elemento.

SILVA: De fato, ee tern aqui uma relacao a qual ee da, para enxofre, 25,9 milhoes,
por isso nao poso af'irmar quo haja saturaeao, apenas sugeri.

SMITH: Entao, 6 muito dil'fcil de explicar que ele tenha saturaesao na regiao de 18.

SILVA: lui nao tinha pensado nisso, mas,para essa roacao,nao conheco a curva respectiva.
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SMITH: Nao e muito diferente das outras. Naturalmente, na regiao alta nao pode ser
muito boa, porque a energia onde a seccao de cheque esta caindo atinge ate 30 milhoes.

SILVA: EU nao conheeo. A unica coisa que posso afirmar 6 que nao encontro nenhuma
explicacao para esta diserepancia dos nossos dados com os deles. Temos que notar que as
curvas de exeitacao e secciio de ehoquc, descem aproximadamente 20% em relacao a
apresentada, como ja havia dito.

Dcterminainos o coefieiente de "sell" absorcao, com os metodos usual niente indicados,
extrapolando para zero a exponenciai. Entretanto, como na regiao de pequenas espessuras
temos competicao dos dois processes citados, o que foi verificado por Burtt, a extrapolacao a
zero devia ser feita, nao na exponential, mas na regiao mostrada na figura em que a curva desce.
Temos de fazer uma correcao de mais ou mentis 20% dos nossos valores.

SMITH: A difercnea mais importante 6 a da energia?

SILVA: Mia fica bem mais alta. A nossa, por exemplo, da 0,203 barns e para o0 grupo
de Saskatchewan 0,104. E o pico de ressonilneia para nos e em 21 Mev, e para des, 181 --
i.sto, para o0 cobre; para o zinco, 20,75 para nos, e 185 para eles.

O metodo utilizado na determinacao da seccao de choque e tal que o pico depende
muito do comportamento dos outros pontos da funcao de excitacao. Ora, ve-se que, na funcao
de excitaciio de; Katz, e na regiao de 22 para 24 milhoes, que so inicia, digamos assim, esa satu-
racao da curva. Eu precisaria ver o comportamento, da curva que possue pico em 25 Mev
para ter id6ia cxata da saturacao da curva.

SANTOS: There is one point to which | would like to call the attention in this work.
In the beginning we thought that one of the reasons for the displacement of the resonance peak
towards high energies might be due to something wrong with the ac. wave by which we
integrated the flux; we decided then to use the same flux integrator as Katz was using and we
found exactly the same results. In the meantime, we have devised a new integrator by
means of which we integrated the energy by means of a pair of coils sitting right on the top of
the equilibrium orbit. This kind of integrator should be completely independent of
non-linearities in the iron or things like that. We have found the same results. | might add
aso that we have observed that the Victoreon chamber which is used to monitor the intensity
of the beam gets highly activated due to copper, carbon and oxygen activities and this produces
a leakage which might be reponsible for the flattening of the curve: one would read more
Roentgen than actually the apparatus has emitted. | do not suppose that Katz has made
this mistake but | want to say that we knew that this thing might, occur ant | we had taken
every care in order that this would not give rise to an error in our measurements. A point
which should be discussed also is the following: At the University of Illinois, Hanson, Duffield,
Mac Elhinney and others have measured the copper excitation functions up to 22 million
volts antl one of those excitation functions published in their paper agrees with ours up to 22
million volts which was the highest energy they used. Quite recently a paper has been
published by Newkirk on the reaction of copper studied with the synchroton of lowa
University. It has the same behaviour as ours. In that excitation function they came up
to about 70 million volts without flattening down; | would think that, our curve is the correct
one because we could not find any reason for a systematical error which would be responsible
for the observed behaviour.

SMITH:  The curves of cross sections of Newkirk are in quite good agreement with
those of Katz, that is to say, the curve of cross section given by Newkirk has a peak at slightly
less than 8 Mev. They certainly do not agree with Katz', that have a lower energy.

SANTOS: That is true as far as the, published cross section is concerned, although |
do not know what was the process by means of which this cross section was calculated, and
what were the corrections for specific activities. What | can say is this: if you take Newkirk's
curves up to 28 million volts, which agree with ours, we cannot use the method of calculation
of cross-sections as we know, and make the peak of the energy fall down to about 18 million
volts. They go always up to 21,5 Mev.

DEUTSCH: How do you know that your spectrum is the same as on somebody else's
machine?
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SANTOS: We have used the same donut and same kind of target, and the same expanding
devices; we believe therefore that, as both of us have measured this photo disintegration in the
forward direction, that the beam haw the same spectrum composition, although we are not
sure that either of us had the same spectrum composition as described by Schiff.

KERST: After Prof. Santos' remark on monitory, | am reminded of a pitfall that one
can fall into when he runs his machine at past 20 million volts. If you have alucite block with
a ionization chamber in, electrons of 20 or 25 million volts can pass through and give
you anomalously high ionization readings. If you do not clean the gamma readings perfectly
by obstacle, the primordial electrons accelerated in the; machine can get off the target and
influence the monitor. Thisshould tend to move the maximum energy to lower the maximum
cross section, to lower the energy, or give you too many Roentgen. | have seen this happen
and if has been necessary in such osses to clean up the beam.

SANTOS: | would like to give some information about this observation of Prof. Kerst.
We thought aso from another experiment that we carried out that we might have some electrons
hitting our ionization chamber (or soft gamma rays due to the Bremsstrahlung of those electrons
in the poles of our machine), so we decided to test the behaviour of these high energy points
in our excitation functions at different distances in order to check the inverse square law, (this
measurement was useful aso in order to check the methods of calculating the flux in Roentgens
inside the Lucite block because one then supposes that only the forward rays contribute to the
ionization). By using the inverse square law experiments, we have found that the yield per
Roentgen remains the same up to a distance of the order of two meters from the target.
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Polieletrolitos (Fuoss & CATHKRS, 1947; Fuoss, 1918 1951) silo poli-
meros que contem atomos carregados, eletricamente. Combinam portanto as
propriedades dos polimeros neutros com as dos el etrolitos em uma linieamol ecl a;
como era de se esperar, estao presentes tan to as similaridades como as diferencas
das substancias originarias. Para apresentar uma analogia matematica, quando
se converte urn polimero em um polieletrolito, nao ha somente soma das proprie-
dades dos eletrolitos e dos polimeros, mas tambem apareee, nas propriedades
observadas, o equivalence dos produtos mixtos. Viscosidade e condutibilidade
sa0 as propriedades fisicas earaeteristieas que melhor deserevem polimeros e
eletnjlitos, respectivamente. O objetivo deste trabalho €' apresentar revisao de
estudo recente em Yale sobre algumas propriedades hidrodinamicas e €letricas
dos polieletrolitos, a fim de ilustrar as similaridades e diferencas mencionadas
aeima, e desenvolver um modelo que explique as propriedades dos polieletrolitos.
Como veremos imediatamente, cstes resultados tern importancia em muitos pro-
blemas que surgem nos campos da bioqulmiea e da fisiologia

Os polieletrolitos que surgem em estado livre, ineluem protelnas, acidos
nucleicos e alguns polisacarldios. Em todos eles, temos uma grande molecula
que transporta uma carga eletrica milltipla. As protelnas sao geralmente anfo-
terieas; eoni‘orme o pll, a molecula ou e urn cationtc em solueao dcida ou um
uuionte em solueao alcalina. Os acidos nucleicos sao, do ponto de vista dos poli-
eletrolitos, poliesteres de acido fosiorico em cadcia longa, e em cujas unidades
repetidas, um dos grupos do residuo de acido fostorico e livre para formar sais.
Os polisacarldios podem ser descritos como acidos poliearboxilicos em cadeia
longa. A estrutura detalhada destes produtos naturais nem sempre e conhecida
com certeza, e dem disso, diversos deles nao s muito estaveis. Geralmente
s soluveis apenas em agua. O pesquisador que trabalha com tais materiais
esta portanto sujeito a certas desvantagens, uma das quais, e que nao e pequena,
6 a sua limitada possibilidade de variar a estrutura dos compostos: €e tern que
trabalhar com as substancias fornecidas pela natureza. A viscose e um exemplo
de polieletrolito obtido por tratamento quimico de um polimero que aparece
em estado natural; como se sabe, e xantato de celulose. Materiais puramente
sintetieos oferecem um campo proveitoso para pesquisa no terreno de polimeros
eletrollticos, pois a estrutura e o tamanho das moleculas correspondentes sao
conhecidos e controlaveis. Alem disso, seo inteiraniente estaveis e soluveis em
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grande variedade de solventes. Estudando suas propriedades, esperamos aleangar
uma correlacao quantitativa entre suas propriedades e sua estrutura. Entao,
por analogia, poderemos chegar a melhor compreensao do comportamento de
produtos naturais mais complieados.

Os polieletrolitos podem ser
25 VA @5, sintetizados de muitas maneiras, tanto
por reaches de polimerizacao como de
policondensacao. O acido acrilico,
[, CH, — CH. CO, H, contemn urn grupo

20 // 29 yinilico ativo; sol) a acao de radicals

iniciadores livres, ele sepolimeriza em
2 longas cadeias, eujos atomos de carbo-
/ no carregam alternadamcntc urn grupo
23 de carboxila. Em solucao o anionto e

uma macro-molecula, consistindo numa

cadeia a qual esta ligada urn certo

f5

72

numero de iontes de carboxila. Estes
gi resultam da dissociageo de aguns dos

grupos carboxilicos. A neutralidade
el6triea e mantida pelos iontes de hidro-
s
a4

Z-zp/t

genio que se encontram, parte; no sol-

vents que e preso no volume do poli-

mero enrolado, e parte no solvente entre

| osiontes polimericos. Osiontes menores

_"3 (=9 que contrabalangam a carga dos ma-

- | cro-ionics chamam-se iontes contrarios,
BTy Y36 o750 " P - -

ou "Gegenionen". Se se adieiona hidro-

Fig, 1. Viseosddade reduzida de solugties <o Xido de sodio a uma solucao de acido

browete de poli-viniliwtilpiridinia,  Curva 1, . s L.
Sxun como ,,,‘,’M.n.(., ’(--uf:,,, 3, 0.000 YK Br. poliacrilico, acargados poli-iontes e au-

Curva 4, 00335 ¥ K Ir, Coordenubas 1, 3, mentada, pois uma quantidade cres-
4 ““‘1‘!"‘"{'{‘,}‘; ;":‘J’:",‘“ (3““3” dzm‘;'l:f“:l‘f:::;h‘ cente de grupos neutros de carboxila

6 convertidaem iontes de carboxila car-
regados negativamente; em acido poliacrilico completamente neutralizado, os
iontes contrarios seo iontes de sodio. Sulfonacao de poliestireno produz tambem
um polianionte.

f

Policationtes tambem podem ser formados de muitos modos. A poli-
merizacao de vinilpiridina (FITZGERALD & Fuoss, 1950), CH, = CH. CsHy N,
produz polibase fraca; a quaternizacao desta por adicao de haleto da um polie-
letrolito forte, no qual os atomos de carbono da cadeia carregam, alternadamente,
um iontede piridina. Osiontes contrarios sao, aqui, osiontesde haleto. A auto-
adicao (com auto-quaternizacao simultanea (CHIT & Fuoss, 1951)), de a — w haletos
e a — w diaminas conduz a polieletrolitos fortes nos quais os atomos carregados
sa0 a0 mesmo tempo atomos da cadeia polimeriea; por exemplo,

Mey N (CHY N Me, + Br (CHy)s Br —>
MeoN T (CHY N Mey (CHDN ¥ Moy (CH), N + Mey .. (CHL) Br.nBr

Compaostos similares sio formados pela auto-adigio (LierMaN, THoMESOX
& Manrver, 1935) de compostos de o — helogénio, w — amina, A policondensagdo
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entre acidos di-basicos e alcoois di-hidricos como metildietanol-amina (EDELSON
& Fuoss, 1948), seguida por quatcrnizacao, resulta em poliesteres que sao poli-
eletrolitos contendo na cadeia iltomos positivamente carregados de nitrogenio;
por exemplo.

[MeN (CH, CH, OR); + HOLC (CHy), CO, H] + Me Br —>
LHO [€O (CHy) 00, (CHY), CON * Mey (CH) 0], #) - nBr

Variando o numero de grupos de metileno no alcool e no acido, e possivel formar
polieletrtflitos com uma distaneia cntro cargas conhecida com preccisao. Outro
mltodo de fazer polieletrolitos de densidade de earga variavel e co-polimerizar
monomeros neutros com monomeros ionogenicos, por exemplo, estireno com
vinilpiridina on anidrido maleico. A solnbilidade pode tambem ser controlada
por ex6lha adegnada de copolimeros. Poliantolitos sinteticos (ALFREY JR.
el al., 1950) sao obtidos por copolimerizacao de dois monomeros, um acido e outro
basico, como vinilpiridina e acido acrilico. Em todas as reacoes acima 0 peso
molecular (ou comprimento medio da cadeia) e controlavel pelos metodos conven-
cionais da quimica polimdrica. Vemos assim que grande variedade de materiais
sinteticos pode ser obtida para pesquisas. na verdade, podemos descnhar uma
molecula para um fim especifico e entao proeedcr a sintese, com razoavel garantia
de que o produto tera as propriedades desgjadas.

A fim de esclarecer a 165°
discussap da viscosidade dos
polieletr6litos, recapitularemos ral“\
primeiro a estrutura do poli- - ——— 156°
Meros neutros e sua eorrelaead & ; o+ { + 150°*
com a viscosidade. Um poli- ' ;F I o— | __ 1,
mero do tipo da borracha - ://_-
(poli-cis-isopreno) consiste em 06—
uma longa cadeia de atomos f(
de carbono, aos quais se pren- 0.0
dem por ligagoes covalentes el 0.1 0.2 0.3 04 0.5
atomos de hidrogenio ou outros &
atomos, ou ainda grupos de Fig. 2. (rientagiio e intonsidade lE»rhirrl_)flrirlgﬁnci:l nn
. . . gradicnte de velocidade 0655 sec =",
iltomos. Devido a liberdade de
rotacao das ligacftes carbono-carbono, a cadeia e perfeitamente flexivel e pode
assumir em solugao um numero tremendo de configurates geometricas. Os dois
extremos so facels de imaginar; a cadela completamente estendida, e a mais
compacta, completamente enroscada. Devido ao movimcnto termico, ambas
configuracoes sao altamente improvitveis no sentido estatistico: a primeira se
contrairia ou enroscaria e a ultima se abriria. Entre eses dois extremos, en-
tretanto, ha uma se>ie de configurates muito mais provaveis: o ealeulo (KUHN,
1931) mostra quo o comprimento mais provavel (R?)” €' proporcional araiz qua-
drada do numero do ligacoes na cadeia. O calculo e exatamente semelhante a
media dos quadrados das distancias atravcssadas por uma particula em movi-
mento Browniano. Se se dissolve um polimero em um solvente de viscosidade
7 a viscosidade 17 da solucao e mais alta, sendo a diferenca

— 160°

Ang=7—1m
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A razio 4 iy & chamada viseosidade espeeifica; a razdo entre n mesma e & roncen-
tracin, n,fe = 2, & chamada viscesidede reduzida. () limite de 2z extrapolade
até o coneentracio zero € [n], u viseosidade intrinseca.  Em partienlas esfériens
compaetas de densidade 1,0, Eixsrrrn (1906, 18100 demonstron que [??] = .025
fsendo a cancentracio dadn em gramas de solivel por 100 em® de soluglio).  Nos
polimeros, os valores experimentais da viseosidade intrinseea =30 semipre miito
majores do gue 0,025, como serin de eaperar = ox polfmeros fossem estruturas
enroladns, sbertaa e difusaw.  Caleolon tedricos (Denye, 1946} mostram que
a viscastrloede indringeca € a medida do poliwme qie a moléenda oo potimero ocupa na
sofngio. A melhor forma desta relaglio € a proposti par Frony & Fox (1951);

[n] = 6 (55** 11 @

em que ¢ ¢ uma constante wniversa) para tados o8 sistemas de solventes e poli-
meros, £ 6 o média dos guadrados das distdnclas entre as extrentidades. da molé-
cula ¢ M o péso molecular,  Experimentalimente, medimos o viscosidade em uma
sbric de concentracdes ¢ em segnida exteapolamos num grifico de z em funcio
de ¢ alé & concentrugio gero, Para poliestireny om toluene e sistemas seme-
lhantes, ox grificos z — ¢ =fo lineares, com uma inclinagdo positiva:

e=[n]+w[a]e (3)

So, entretanto, sao medidas as viscosidades, 0 0 peso molecular e conhccido, o
tamanho da molecula de polimero pode ser determinado. Testes experimentais
tem demonstrado que dimensoes assm obtidas correspondem perfeitamente as
determinacoes por outros metodos, por exemplo, pela dispersao de luz.

Na figura 1, a Curva 1 mostra a viscosidade reduzida em funcao da
concentraeao em urn polieletrolito forte tipico (Fuoss & STRAUSS, 1919), o produto
da adieao de brometo de butilo e poli-1-vinilpiridina. (O polimero originario
tinha um peso molecular de 207.000, isto e, a molecula contim cerca de 2.000
anes de piridina presos a cadeia de

12 carbono. Em etanol, sua curva de vis-

] cosidade era da forma linear dada pela

100 === i vy equacao (3); o valor extrapolado de (77)

I era 1.18). Fica desde logo elaro que

q os dados nao estao em conformidade

- 50 .

com a equacao (3): em vez de uma

linha ret a com inclinacao positiva, te-

80 - rn 0s uma curva com tangente negativa,

\\\‘;m cuja inclinayao aumenta rapidamente

\..,_?_ a medida que a solucao se torna mais

£0 i diluida. A curva mostra que a contri
000 001 002 003 004

buicao do soluvel polieletrolitico para
a viscosidade da solucao torna-se rela-
Tig. 3. Cowlutibilidude em metunol; 1T, b tivamente maior quando a concentracao
et de (I““::::ll‘ll'li:’lta:‘l"l‘l:‘i’:?:”ﬁ“l’lh’:: carves mais oL G Eon simples experiencia de-

monstra a diferenca marcante entre
pollmeros neutros e carregados, e tambem serve para sugerir um modelo para
a molecula do polieletrolito. Se aceitamos a equacao (2), isto 6, aceitamos

a hipotese de que a viscosidade da o volume da moltfeula polimerica, entao o resul-

Ve
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tado experimental mostrado na figura | indica claramente que o polieletrolito
se expandc quando a solueao se dilui.

Esta conclusao pode tambdm ser deduzida de argumentos qualitativos
baseados nas forcas eletrostaticas intramoleculares. Suponha-se que conside-
ramos a solueao a uma concentracao particular, e estudamos a distribuicao dos
iontes de brometo. Cada nucleo de piridina no polimero contem um atomo de
nitrogenio earregado positivamente; o enorme campo devido a cargas de 2.000
unidades atraira necessariamente muitos dos iontes de brometo negativos ¢ prende-
los-a dentro do volume da molecula. O policationte se assemelha, sob muitos
aspectos, a uma goticula de solueao coneentrada, suspensa no solvente. Nem
todos os iontes contrarios, entretanto, estarao dentro do volume dos policationtes:
a probabilidade W(r) de um dado anionte estar a uma distancia r do centro de
um dado cationte 6

Wird =4 xrexp (- ulkT) N

em que u e a energia poteneial do anionte. Para valores do r maiores do que R,
W (r) ainda sera finito; em ontras palavras, nao desapareee a probabilidade de
alguns dos iontes opostos se localizarem no solvente entre os poli-iontes. Suponha-se
agora que diluimos a solueao que temos considerado: geometricamnete, estamos
aumentando o volume da solueao entre os polieationt.es. Em eonsequencia,
a i'raeao de iontes contrarios em relac,ao a qual » > R aumentara, devido ao aumento
do terrno de volume 4 m/ na probabilidade W(r). Alimenta portanto a earga
liquida do polimero, isto e, a diferenca entre o numero dos atomos do nitrogenio
positivos numa molecula de polimero e o numero de iontes eontrarios presos on
assoeiados. Em eonsequencia da repulsao eletrostatica entre cationtes nao
compensados dentro da propria molecula, esta se dilatara. De acordo com a
equacao (2), esperamos assim urn aumento de viseosidade na diluicao, exatamente
eomo foi encontrado na experiencia.

Embora o racioefnio aeima eonduza a uma descrieao qualitativa dos
resultados experimentais, deve-se mencionar que o mesmo nao pode constituir
mais do que uma explicaeao parcial, ja cjue polo nienos dois outros fatores que
contribuem para a viseosidade foram desprezados. Primeiramente, ha o efeito
puramente geometrico da mudanea

2

de forma do polieletrolito: depois de “
um certo ponto de dilatacao, a mo-
lecula nao pode mais ser represen-

tada eomo um polimero estatistica-

y

mente enrolado e o fator hidrodina-
mieo na equacao (2) se convertera

fog A

no de um bastao. Em segundo lu-

gar, deve ser considerada a interacao \
: a4 100/

eletrostatiea intermolecular a longa [v] 15

1 fungfio du constanty
H.

distancia. A interacao entre mole- Fig. 4. Condutihitiduce

culas polimericas do tipo que aumen- diclél

ta o tdrmo positivo na equacao (3)

provavelmente sera desprezivel aqui devido a repulsao entre as macro-moleculas que
possuem todas o mesmo sinal de carga; havera porem uma atraeao eletrostatiea
entre os poli-iontes e suas atmosferas de iontes opostos carregados contrariamente.

—9—
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Podc-se realizar urn teste experimental do modelo el etrostatico medindo-se
as viscosidades de polieletrolitos, e usando-se solucoes de eletrolitos simples como
solventes (Fuoss & STRAUSS, 1949) em vez de agua. A curva 3 da figura 1 6
a enrva de viscosidade para o brometo de polivinilbutilpiridinio em solucao de
brometo de potassio 0,001 N. Em concentrates de poli-sal mais elevadas, onde
a concentra<;ao iontica do brometo do polielctrolito e gi-ande em comparacao com
a do brometo de potassio, a viscosidade e aproximadamente a mesma que na
agua pura. Mas quando a coneentraeao do poli-sal diminui (enquanto que
a do brometo de potassio permanece constante a 0,001 N), a curva passa por urn
maximo acercade urn decimo por cento em vez de ascender avaloresaltos. Abaixo
do maximo, os fontes contrarios acrescentados sob a forma de brometo de potassio
excedem os adicionados como polielctrolito. Se se utilizam concentracoes mais
altas de brometo de potassio, toda a curva desce o maximo se abaixa e se desloca
para concentracoes mais elevadas de polielctrolito, e finalmente a curva se torna
do tipo linear earaeteristico de urn polimero neulro. A curva 4 da figura | e
a curva de viscosidade do polieletrolito em soluc,ao de brometo de potassio 0,0335
N. Nosso modulo explica facilmente tal resultado. Na presenca de excesso
de eletrolito simples, os policationtes possuem grande quantidade de " Gegenionen"
€Sens campos positivos podem entao atrair maisiontes negativos. Mas cadaanionic
preso pela molecula diminui a cargaliquida, e portanto diminue a repulsao intra-
molecular; consequentemente, a molecula se contrai no sentido da configuracao
tipica de urn polimero neutro, e a viscosidade diminui porque sen volume se
tornamenor. Na verdade, na presence de urn excesso muito grande de eletrolito
simples, surge outro ei'eito eletrostatico (Fuoss & STRAUSS, 1948) a atracjio intra-
molecular entre as cargas positivas nos segmentos do polimero e 0s anionics asso-
ciados. Ksta atracao faz a moldcula se contrair a urn volume muito menor do
que o do polimeroinicial, como quando a atracao inter-ionica cstabiliza mn cristal
iontico, p. ex. cloreto de sodio, em cstrutura mais densa.  No limite hipotetico
de urn exceso infinito de brometo de potassio, a viscosidade intrinseca do poli-
eletrolito dafigura 1 se extrapola a 0,17, aproximadamente um decimo da visco-
sidade da polivinilpiridina da qual foi formado. Este limite corresponde a goti-
culas submicroscopicas compact-as de solucao de polieletrolito neutro altamente
concentrado, suspensas em uitia solucao neutra de brometo de potassio. Como
era de esperar, o tamanho limite, medido pela viscosidade intrinseca, depende da
natureza do anionte no eletrolito simples acreseentado, mas ¢" completamente in-
dependente do cationte, pois o ultimo €' sempre repelido pelo policationte positivo.

Consideremos agora outra vez a curva 1 da figura 1, a viscosidade do
polieletrolito em agua pura. Apenas pelo grafico nao se pode prever que haja
limite superior para a viscosidade reduzida guando a concentragao se aproxima
de zero. Intuitivamente, no entanto, sente-se que existe um limitefinitoac = 0.
Se considerarmos outra vez nosso modelo, veremos que a dilatagao na diluicjo
nao pode exceder um limite superior obvio, o da cadeia completamente aberta.
A medida que a solugao vai sendo diluida, aumenta a probabilidade de fuga dos
iontes contrariosdo policationte, c quando acargaliquidano policationte se aproxima
do limite (que e igual ao grau de polimerizagao), a repulsao intramolecular vai
distorcendo constantementa a molecula. Mas dste processo nao pode continuar
indefinidamente; os atomos do polimero, incluindo, e claro, os carregados, estao
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presos entre si por ligacoes covalentes e nao podem se espalhar aldm dos limites
estabelecidos por tais lac,os No limite de diluigao infinita, quando todos os
fontes contrarios escaparam, a repulsao intramolecular atinge 0 maximo, e obriga
a cadeia polimeica a distorcer-se tanto quanto possivel. Em ontras palavras,
a mole'cula se abre e em concentrates muito baixas assemelhase a uma eonfi-
guraea cm forma de vara. Isto porque a blindagem ou cortina eletrostatica
formada pelos "Gegenionen" associados diminui, devido ii perda dos liltimos
por difusao no corpo do solvente. A ideia de que se trata d'uma cortina eletros-
tatica sugere que existe algo como uma atmosfera de iontes dentro de cada mole'cula
polimé&ica, diferindo da atmosfera de Debye-lluckel pelo fato de possuir uma
carga liquida. Sabe-sc que o termo principal na cortina iontica e proporcional
a raiz quadrada da concentracao, e somos assim lev ados a suspcitar da presence
de um termo em raiz quadrada na viscosidade dos polieletrolitos. Encontramos
empiricamente (Fuoss, 1948b, 1949) que a equacao seguinte representa os resul-
tados experimentais:

c=Af/(1+ BVe) (5
de mado que, no limite da concentrgdo zero
] =4 ®)

Uma vorifieacao desta equacao e mostrada pola curva 2 da figura 1
que constitui o grafieo da reeiproea de z para nosso polieletrolito naaguaem funeao
da raiz quadrada da concentracao. Como vemos na figura, os ponton, formam
uma linha rota, de acordo com a equayao (5), 0 agora e facil a extrapolacao para
a concentracao zero. Se a forma da equaec.au (5) esta certa, a curva 1 (na escaa
Z—C) possui a concentracao zero, uma tangente vertical e €' evidente a impos-
sibilidado pratiea de cxtrapolac.ao pela curva |.

Voltando a nosso modelo, foi 5
previsto que, em concent ra’des baixas,
o polieletrolito se abririaealongariano L.
sentido de urn bastao. A seriaentao 0 %,
coeficiente hidrodinamico para um ei-
lindro longo; tedricamente, estc coefi- A
ciente e proporcional ao quadrado do \
compr'imento da vara, e portanto, em
nosso modelo, proporcional a0 qua- \k"“w--o
drado do peso molecular. No poliele-
trolito da figura I, A — 50; em um e ¥ ;’M ™ tod
outro provenientedapolivinilpiridina, ..
de peso molecular 77.000, A = 7.55. " B+ bl o e,
Os valores de A estao na verdade mais
ou menos na razao dos quadrados dos pesos mol cculares dos dois polimeros. Rosul-
tados semelhantes tem sido obtidos tambein em soluctfes de viscose (TAIT et al,
1951) e em polimetacrilato de sodio (OTH & DOTY, 1952), que indica uma estrutura
em forma de bastao para as moleculas destes polieletrolitos em concentrates
baixas.

A birrefringencia (Fuoss & SIGNER, 1951) tambem da resultados que
est&0 de acordo com 0 modelo deduzido das medidas de viscosklade. Em muitas
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substancias birrefringentes, a intensidade da birrefringencia aumenta com a con-
centracao; cm urn polieletrolitotipico, tal quantidado passa por um maximo, como
mostra afigura2. Em concentrates baixas, a curva e linear, com grande ineli-
iiacao da tangente, correspondendo a pequenissimos coeficientes da difusao rota-
toria. Sabe-se que moleculas cilindricas possuem pequenos coeficientes. Quando
a concentracao aumenta, cresce cada vez mais 0 numero de iontes opostos atraidos
para OS poli-iontes, reduzindo assim a repulsao intramolecular. Isto permite
0 enroscamento da molecula em configurates de maiores coeficientes de difusao,
relativamente mais diffceis de orientar; desto modo, a percentagem de aumento
de intensidade sofre urn docrdseimo com o aumento de concentracao. O angulo
de orientacao tambeYn diminui para concentraeoes crescentes. Como teste final,
mediu-se a hirefringeneia na presenca de grande excesso de brometo de potassio;
nao foi observada qualquer orientacao. E isto precisamente o que seria de se es-
perar se a molecula do polieletrolito tivesse assumido uma pequena e compacta
estrutura esferica na presenca de excesso do eletrolito simples, conclusao que
ja foi deduzida das experiencias de viscosidade. Conclusoes semelhantes podem
fambem ser tiradas do fato de a viscosidade depender do gradiente da velocidade
no viscosimetro para solueoes de polieletrolitos (STRAUSS & Fuoss, 1952).

Resumindo o comportamento
\ ludrodinamico, concluimos gue a visco-
A /é sidade dos polieletrolitos constitui a
medida do volume da moleeula do po-

/ D lieletrolito em solucao. Ao contrario
/ 7/ de polimeros neutros, entretanto, o ta-
/ manho e a forma cla moleeula depen-

m
dem da concentraeiio do polieletrolito

(e da de qualquer eletrolito acrescen-

tado). Atribuimos esta dependencia ao

19 7 efeito das foreas eletrostaticas entre as

cargas do polimero e as dos iontes opos-

tos, e em particular, suporemos que uma

E cert a fracao dos ultimos foi presa no

¢ 7 polieletrolito retorcido por atraeao ele-

trostatica. O teste experimental mais

direto da hipotese do assoeacao e efc-

0 10 2 » .

E. kedem. tuado quando se passa a considerar o

Fig. 4. RRito de Wien ent solugius de outro  aspecto dos po||e|etr0||tos; .aIe

polivletrilitos, agora, tratamos 0sS mesmos esseneial-

mente como polimeros, cujo comporta-

mento era modificado pela presenca de cargas eletrostaticas nas cadeias. Trate-

mo-los agora como eletrolitos, cujas propriedades estao modificadas pela restrigao
de que uma especie iontica e polimerica.

Em um el etrolito simples comum, como cloreto de sodio, as duas especies
de iontes sao semelhantes hidrodinamica e eletrostatieamente; tanto o fonte de
sodio como o de cloreto sao entidades de livre locomoeao, mais ou menos do mesmo
tamanho. Quando se dissolve em agua um cristal de cloreto de sodio, os iontes
do cristal se hidratam e fogem uns dos outros, de modo que se produz umadistri-

Bafur. B
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buicao aproximadamcntc uniforme de lontes atrave's da solueao.  Por "uniforme"
queremos dizer que quaisquer elementos de volume contem igual mimcro de ani-
onics e cationtes, e rnais ainda, que tal niimero e igua a media aproximada obtida
dividindo-se o numero total de aniontes ou cationtes pelo volume total. Consi-
deracao mais cuidadosa mostra que, em solventes de alta constante dieletrica,
a densidade media dos cationtes e levemente maior perto de aniontes do que a
concentracao media, C vice-versa para anionics. Para sermos precisos, sc np e
a media aproximada e n a media local,

o= tpexp {— egfhc®) (7}

em oque ¢ € a cargy do fon e @ o potencial eletrostdtico.

Como s sabe, Debye o Huekel avalinram o potencial  combinande
{7) com a equagdio de Poisson, o assim resolveram, pelo menos em prineipio. todos
s prollems de zolnedes dlilufdas de eleteolitos fortes.  Niste vaso

epfh T << {8

¢ exta condigfo permitin s aproximaedo da lungfo exponencind em (7} pelos dois
primeiros térmos de sun séee, fieando o equaciio Polrson-Bollzmann rednzida
u i equacio linear simples, Umeodos vesaltades da teorin foi o provisio de
que o mohilidade dos fontes diminniria vom o aumento de concentracio, semdn
o deeréseima proporeional & iz quadrawdn da coneentragio.  Consequenicomente,
u teoria confirmoun o vesultado emprico de Kohlrausch

A=dy—aVe t9)

em que A ¢ a condutibilidade equivalente ¢ Ay i condntibilidade Hmile na eoneen-
tragdio zero. Finnlmente, s teoria prevé o valor manérico i constante. Ela
concarda completamente com s cdilos experimentais que eolirem grande vavie-
dade de eleledlitos fortes em digna. Paree solvendes de constante dieléirien mais
haixa do gque a o dgoa, 6 nevesdrio modilivnr-se a teorin eriginal: se £, aconstante
diclétrien & pequens, a energin patenecial e de iin fonte pode tormar-se grande com-
puraddy com kT (que mede o energin ¢indtica) quando o fonte seoapraxima de um
funte de vargn oposta, o assite o aproximacdio (8) ndae & nais wdimiedvel. S osupo-
e gque dois désses fantes Tormam, 2o entrar emcontado, une estrotnrn estivel o
hmpacte téemico médio, isto &, um pue de fontes associndo, podemos ainda aplienr
o mbtodos de Debye-Thickel aos outrad fontes que estdo, e miéeding, & grondes
distfneins mituas em comparagfo com seix diimetros {os fontes “livees"), Baseada
nesta hipdtese, (oi desenvolvide uma teoria (Frross, 1935) que corvesponde perfeis
tamente A condutibilidede des eletrilitos eny todos os sulventes, para quaisquer
valores dy eonstante  dielétrics,  Resemindeo, o condolibilidade  geralmente
diminui com o aumento de eoncentragiio por daois motives : primeiry, o GINCro
de fontes livres diminue, devide ao aumento do ndmera de jontes associndos de

acdrdo com o rearfio;

(Cationte) + (Anivntn) —> (Par de lontes) (1))

e apgundo, a4 mobilidade dox fontes livres diminnd, devido & interugfio eletrostdtion
a grande distdnei, de nedrdo com (). O resnltacdoy o sintetizados na equacio

A=vy{Ayg—aviey) (11)
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em que y e a fragao de eletrolito total presente como iontes livres. Dados abran-
gendo grande variedade de sistemas estao de conformidade com (11).

E evidente a priori que as considcracGes aeima nao podem ser aplicadas
a polieletrolitos, porque a distribuigao das cargas em uma solucao polieletroli-
tica e neeessariamente nao-uniforme, em conscquencia da cstrutura polimerica.
Em nosso sal de polipiridinio, por exemplo, aproximadamente 2.000 cationtes
estao presos por ligayoes covalentes, e, nao importa qual a diluieao da solucao,
em gramas por litro, as 2.000 cargas de urn dado policationte nunca poderao
espalhar-se aldm do limite estabelecido pela cadeia completamente estendida
Como ja mencionamos, 0 campo positivo forte atraira certo numero de iontes con-
trarios e os prendera no volume ocupado pelo polimero enrolado. Os iontes con-
trarios remanescentes se distribuirao pelo volume da solucao entre as moleculas
polimericas. Por conseguinte, se exploramos a solucao com urn pequeno ele-
mento de volume, achamos uma distribuicao totalmente diversa da observada
em solucao de cloreto de sodio. A despeito da situagjio do elemento de volume,
podemos agora encontrar em vez de niimeros aproximadamente iguais de aniontes
e cat iontes: (), a alta eoncentragao tan to dos aniontes como dos cation tes, dentro
dentro dos polimeros ou (b), a concentra-
cao baixa de aniontes sem qualquer cati-
onte entre as moleculas grandes.

O efeito desta distribuigao sobre
a condutibilidade e deserito melhor com
urn exemplo (EDELSON & Fuoss, 1918).
A figura 3 mostra a condutibilidade de
dois polieletrolitos (pesos moleculares 27
20 e 3515) cm metanol; foram obtidos por
adieao de brometo de motil aos polies-
teres obtidos pela condensacao de ani-
drido sucinico e metil-dietanolamina. Em
eontraste, a curva |l apresenta a con-
dutibilidade de urn eletrolito quatcrnario

1P u,

o1t simples (brometo dedimetil-dietanol-amo-
Fig 7. Mobilidule dletrofordtics o~ 110)- A fangente teorica do ultimo €
polinnidlilos, representadapelalinha pontilhada: e claro

que a curva experimental se aproxima da
tangente limite em coneentracoes baixas, enquanto gque os pegquenos desvios ne-
gativos em concentrates mais elevadas indicam uma formacao moderada de pares
de fontes em conformidade com a equagao (10). As curvas dospolieletrolitossao
cdncavas em vez de convexas, e nelas nao €' evidente nenhuma aproximagao de
um valor limite.

Consideremos agora as ultimas curvas do ponto de vista do nosso modelo.
Supomos para uma dada concentragao escolhida, que uma fracao definida de
iontes opostos esteja associada aos policationtes, e que 0s iontes remanescentes sgjam
essencialmente livres. Portanto, a condutibilidade consistira de dois termos:
a corrente de iontes negativos e a de positivos. A corrente e proporcional ao
produto n; z; e u;, €M que Nz € 0 numero deiontes por unidade de volume, 2;¢ & asua
carga ¢ w; a mobilidade. Nos iontes de brometo, n; € o numero medio de iontes
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do bromcto livrcs, z; eigua aum, e u; e amobilidade dos iontes de brometo livres,
diminuida por efeitos eletrostaticos a grande distancia. Nos policationtes, n,
€ um numero muito menor do que n; a0 passo que z, a carga Ifquida do poli-
cationte, & muito maior do que z. A mobilidade (HUIZENGA et al., 1950; Frrz-
GERALD, 1950) 6 da mesma ordem de grandeza que u; em polieletrolitos fortes.
Suponha-se agora que diluimos a solucao. De acordo com nosso quadro, alguns
dos iontes opostos associados aos policationtes se espalharao dentro do volume
principal da solucao. |sto tera dois resultados: primeiro, a condutibilidade ani-
ontica aumentara, porque o numero relativo de iontes livres aumenta; e segundo,
a mobilidade do policationte aumentara, porque a carga liquida e aumentada
de uma unidade, cada vez que um anionte associado foge. (O aumento devido
a carga mais elevada, naturalmente, sera compensado parcialmente pelo acres
cimo no coeficiente de friccao que acompanha a expansao da molecula, ocorrida
guando a carga liquida aumenta, como consequencia da maior repulsao intra-
molecular). Estes dois fatores, que aumentam am bos a condutibilidade, pro-
duzem as curvas acentuadas mostradas na figura 3. Ainda nao conseguimos
obter um metodo satisfatorio para extrapolar ate a concentracao zero, embora
sgja possivel ealcular (Fuoss & EDELSON, 1951) a condutibilidade limite das mo-
leVulas cm forma de bastao.

Devc-se acentuar que o equilibrio entre os iontes contrarios livres e os
associados aos policationtes e dinamieo. "Gegenioncn" estap constantemente
se espalhando dentro e fora do volume ocupado pelo polimero enrolado, de tal
maneira que o numero medio de iontes opostos, associados a um poli-fonte, 6 cons-
tante, se calculado para um grande intervalo de tempo Em principio, poderiamos
computar este numero, a partir da funcao de probabilidade (4), mas a dificuldade
est a em se obter um valor para a energia potencial U. Quando se trata de
polieletrolitos,

U/KT==>1 a=

no cao de muitas cargas, e as aproximacoes matematicas simplificadoras
feitas no caso de eletrolitos simples na sa0 mais possiveis. Uma teoria defini-
tiva nao foi ainda estabelecida, embora muitos trabalhos ja apresentem um co-
meeo animador. Destes, o mais satisfatorio 6 o de KATCHALSKY (1951), que
pode ser aplicado aos polieletrolitos de baixa densidadc de carga, onde o empre'go
do potencial de Debye-Hucekel dentro do polimero enrolado e provavelmente
justificado.

A despeito de dificuldades matematicas, portfm, e certo que a energia
potencial u e inversamente proporcional a constante diele'triea.  Este fato sugere
outro teste experimental do modulo. Numa primeira aproximacao a conduti-
bilidade e proporcional ao numero de iontes de brometo livres, e este numero e rela-
cionado com a constante dieletrica pela funcao de probabilidade exponencial
(4). Esperariamos portanto encontrar uma relacao linear entre o logaritmo
da condutibilidade equivalente em uma dada concentragao e a reciproca da cons-
tante diele'triea do solvente. GATHERS & Fuoss (1949) mediram a condutibi-
lidade do brometo de polivinilbutilpiridinio em uma serie de misturas de diexano
e nitrometano que abrangeu todo o conjunto de constantes dieletricas de 16 a
39. A figura 4 apresenta um grafico dos seus dados a concentracao de 0,001 N
em ionte de brometo; log A eaordenadae 1/D a abcissa Como mostraafigura,
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os dados conduzem a urna linha reta, de acordo com a relacao funcional que pre-
vimos acima, a partir da teoria geral fundamental. O resultado estabelece ela-
ramente a existencia de um equilibrio de difusao entre os "Gegenionen" livres
e 0s associados com as moleculas polimericas, sendo o equilibrio determinado por
foroas eletrostaticas.

Vimos cme a densidade da carga e a cargaliquidade um lonte macro-
molecular dependem da concentracao do eletrolito o da constante diel6trica do
solvente. Estas duas caracteristieas do eletrolito podem variar de outra maneira:
por copolimerizaciio do monomoro iogenieo, e do monomero que permane<'e ele-
ti'icamente neutro. Por exemplo, se estireno e vinilpiridina sao copolimerizados,
e o produto tratado com brometo de butil, obtemos um polieJetrolito cuja cai'ga
maxima 6 determinada pela giumtidade de vinilpiridina no polfmoro. As curvas
de condutibilidade (GATHERS & Fuoss, 1949) destes sais em nitrometano asseme-
Iliam-se as da figura 3, e qualquer uma delas pode ser explicada qualitativamente
polos raciocfnios ja apresentados.  Surge, porem um detalhe que nao se eompre-
ende a primeira vista: em uma dada eoncontracao de iontes de brometo, a condu-
tibilidade e menor, quanto maior for a porcentagem de vinilpiridina no co-po-
limcro. A figura 5 e o grafico da condutibilidade equivalents destes sais copoli-
n.ericos a 0,001 N, em fungao da fracao molar de vinilpiridina no eo-polimero.
I'm istudo cuidadoso do modelo sugere a explioac.ao dos resultados experiment ais.
Suponha-se que comeeamos por um eopolimero que contain somente um numero
muito pequeno de grupos de vinilpiridinio. Havera pequena tendencia para
assoriacao de iontes, porque em nenhuma parte oxiste elevada densidade' de carga,
(cm tcda a parte  /kT<<1l)e os iontes de brometo mostrarao sua condutibilidade
costumeria. A mobilidade dos cationtes, entretanto, sera muito peguena, pois
a parte carregada do polimero deve arrastar at rave's da solueao uma volumosa
ancora de hidrocarbonato inerte. Aumentemos agora vagarosamente a fracao
de grupos €lctrolftieos no copolimero. A mobilidade do policationte tende natu-
ralmente a aumentar a medida em que sua carga aumenkt. Alas quando esta
aumenta, aumenta o potencial, e iontes de brometo antes livres ficam agora presos
pelos policationtes. Esta ayao torn dois efeitos sobre a condutibilidade; primeiro,
0 numero de iontes livres de brometo diminui, e com ele a corrente de iontes ne-
gatives e, por conseguinte, a condutibilidade. Em segundo lugar, a associacao
de "Gegenionen" com os policationtes diminui a carga liquida dos mesmos, e
portanto compensa pareialmente o efeito da carga bruta crescente. Em outras
palavras, a mobilidade dos policationtes considerada como funeao da fracao da
vinilpiridinaprincipiaem zero como umafungao linear, mas logo se torna coneava,
enquanto o numero de iontes livres de brometo e uma funoilo monotona decrescente
do conteudo de piridina. A soma das condutibilidades correspondentes da uma
curva da forma mostrada na figura 5. () ponto correspondente a nenhuma piri-
dina, ae' o qual extrapolamos a curva, nao e mais do que a condutibilidade do
lonte de brometo.

A" extrapolae,ao paroce ser justificada, porque a mobilidade limite de
um lonte macromoleeular com carga sempre decrescente so pode ser zero.

A naturcza dinamicado equilibrio entre fontes livres e associados tambem

pode ser demonstrada diretamente medindo-se a condutibilidade dos poliele-
trolitos em um campo de alta tensao. Temos usado muitas vezes a expressao
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"0 volume do polimero estatisticamentc enrolado”, sem dar-lhe uma definieao
precisa.  Na verdade, nao existe definieao rigorosa: lembramos quo o polimoro
retorcido 6 umaostruturaflexivel que esta eonstantemento em movimento termico.
Em conseguencia, ele nao pode tor mais do que um diametro medio R; os valores
instantaneos do R nao tern signifieacao. Suponhase que tracamos uma esfora
imaginaria de diametro R ao redor do centro do gravidade de um dado poliea-
tiontc, e observamos esta molecula. Segment os da oadeia polimeriea atravos-
sarao oeasionalmente a superfieic da esfera e so retrairao; a mesmo tempo, ani-
ontos estarao eonstantemento entrando e saindo da esfora Ora, urn anionte,
parao qual r<< R, tern poucas pi'obabilidades do fuga, o outro, parao qual r>>R,
tern poucas pi‘obabilidades de eaptura. Mas agqueles cujas distaneias do centro
sa0 da mesma ordem do grandeza que R estarao geralmente em um campo elc-
trostatico tal que sou potencial e da ordem do kT; portanto, bastard um pouco
do onergia adicional para liberta-los. Os campos eletricos usados habitualmonte
em medidas de condutibilidade sao demasiadamente fracos para pertubarem os
equilibrios ionieos, mas, em campos elevados, Wien mostrou que a eorrente aumonta
mais rapidamente do quo a voltagom. Onsager provou que isso result a do fato de a
asocia;ao diminuir nos campos elevados. A figura 6 ilustra o efeito dos campos
de potencial elevado na condutibilidade do brometo de polivinilpiridinioemagua;
campos da ordem de 10-20 kV/cm foram aplicados durante alguns micro-segnndos,
e acondutibilidade foi medida em uma ponto especia (BAILEY ET al., 1952). Como
vemos, o efeito e muitissimo maior do que para o sulfato de magndsio (curva E)
em agua, e e quase tao grando como para um el etrolito tipico em tolueno (curva.l).
Calculamos deste resultado que varios por cento dos "Gegenionen” estao na
regiao perifericapcrto do r = R. onde o campo forte pode dcstaea-|0s 0 aeroseonta-los
aos iontes livres, aumentando assim a condutibilidade.

Como oxemplo final de condutibilidade, apresentamos alguns resultados
experimentais (ALFHEY JR.ET al., 1952) sobre um copolimero do aeido meta-
crilico o N,N-dietilammoetil metacrilato, contendo partes aproximadamente
iguais (55 45) dos dois monomeros. O primeiro monomero e um acido fraco,
0 segundo uma base fraca. Em consequencia, o polimero deveria portar-se como
um polianionte em solucao basica e como um policationte em solucao acida. Este
resultado e obtido experimentalmente: a figura 7 mostra a mobilidade eletro-
fortftiea do polimero como funcao do pll da solucao. O polfmero e evidentemente
um antolito com um ponto isoeletrico de 8,0. A analogia com protefnas e ino-
quivoca. Alem disso, a viscosidade tern um minimo pronunciado no ponto iso-
eldtrico, a partir do qual cresce com a adicao tanto do aeido quanto de alcali,
devido a expansao da molexuila, que resulta do aumento da carga

Tern os visto que tanto as propriedados eletrieas quanto as hidrodi-
namicas dos polieletrolitos conduzem a0 mesmo modelo nestas substaneias: um
polfmero enrolado flexivel, cuja configuracao e carga liquida sao dotorminadas
pela eoneentracao total. Diversas outras propriodades tern sido medidas espe-
cialmente pressao osmotica, dispersao do luz e comportamento poteneiometrico;
0 espaco limitado impede discussao de tais resultados.

Para resumi-los brevemente basta declarar que podem todos ser expli-
cados, pelo menos qualitativamente, pelos mesmos raciocinios que foram feitos
aqui para a viscosidade e a condutibilidade.
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DISCUSSION

COSTA RIBEIRO: Desejava perguntar ao prof. Fuoss qual a ordem de grandeza da
condutibilidade eletrica desse tipo de materiais.

Fuoss: The order of magnitude of the equivalent conductance of the polysalts is of
the order of that of ordinary salts. | did not have time to go into details during the lecture.
The current for agivenionisproportional to the product

nztu

whore n is the number of ions of that species, z is the valence or net charge, is the unit charge
and u is the mobility.

For example, in our polyelcctrolyte, n is rather small because it refers to a polyion,
zis rather large because we have many charges per molecule, and the mobility is about the same
as that of an ordinary ion, while for the counter-ions or the Gegenions, z (the number of charges
per ion) isonly one, and n is very large, so the product nz is of the same order of magnitude as
for an ordinary bromide ion. The reason for approximately equal mobilities is simply this.
TOeth time we add one more charged group to a chain, we increase the force which the external
field exerts on the molecule, but each time we also have to insert more atoms which increases
the resistance to motion. So, as the charge builds up, hydrodynamical resistance goes up aso
and the mobility therefore does not change very much.

COSTA RIBEIRO: | would aso like to know if there is a possibility of knowing the
conductivity in solid and liquid states of the same poly-electrolyte.



POLIELETR6LITOS 19

Fuoss: These materials, whose molecule weight is of the order of 100 thousand, half
amillion, amillion and so on, are all solids. They do not exist as liquids, unless you go to quite
low molecular weights; hence they can be investigated only in solution, or else they can be studied
as solids. As solids, they are rather interesting electrolytic conductors. In solution, both the
Gegenion and the poly-ion contribute to the current because they are swimming in the solution,
but in the solid form the transference number of the poly-ion is zero because it is so large that
it cannot move in the medium of high viscosity. But the Gegcnions can work their way through
the coils of the polymer and then they produce the conductance. It is a typical electrolytic
conductance, with an exponential temperature coefficient, which we would expect as conductance,
with an exponential temperature coefficient, which we would expect as a consequence of the
change of viscosity with the temperature.

COSTA RIBKTRO: But is their conductivity in the solid state very low?

Fuoss: It depends on the temperature which, of course, controls viscosity and aso,
on any possible plasticizer (that is, solvent of low molecular weight such as dibutyl tartrate)
which is added, and on the extent of quaternization. As in the case of ordinary compounds,
it depends again on the same things: the number of ions and how fast they can move, and how
fast they can move depends on the temperature through viscosity. We have not deliberately
tried to get very high conductance; as | remember it, our most conductive materials were of

the structure:
(— CHg' cH
| |
Coll,NTCyHy ——- Br/n

Polyvinylpyridine quaternized with a little bromide, and plasticized with dibutyl tartrate gives
a specific conductance of the order of 10 ® : a pretty good conductance, but nowhere near
the conductance we get with the same amount of material in water. But | think that, by
proper choice of nature and amount of plasticizer, we could get to conductances of perhaps
10"3 or 10~? mho,

MEDINA: | wonder if you calculated the activities. You established the equations
and these equations should give you the activities and the free energies. How did they turn
about ?

Fuoss: It is not very practical to calculate activities from conductance data because
the latter represent an irreversible process. However, we have made measurements of osmotic
pressures. People in other laboratories likewise have measured osmotic pressures and have
also made potentiometric titrations: from these data (which represent thermodynamic equilibria)
it is possible to calculate the activity coefficients. This turns out to be roughly 0,1 to 0,8,
depending on the concentration. That is, at higher concentrations the activity coefficient
is quite low, and at lower concentrations it eventually must approach unity. | do not agree
with the way some of these calculations have been made, because no corrections for the
association of ions under the influence of intramolecular electrostatic fields were made. The
osmotic pressure data, for example, were calculated as if the entire change; in osmotic pressure
were due to all of the solute. Now, obviously, if some of the Gegenions are trapped in the
polymeric coils, they no longer count as independent kinetic units, and therefore could not
contribute to the osmotic pressure.

MEDINA: Did you make any attempt to calculate this activity theoretically from
potential distribution and concentration distribution?

Fuoss: There have been several theoretical treatments of the poly-electrolyte problem.
The whole problem goes back, of course, to a distribution problem, because if we know the
distribution, we could determine the potential of a given charge as afunction of location; we
then could calculate the electrostatic potential energy; from that, the free energy; and finally
all the properties of the thermodynamic system. The difficulty is this: if we use the Poisson-
Boltzmann equation, the density involves the potential, which isin certain locations very high,
and hence the Debyc-Huckel approximation cannot be made. The result is a badly non-linear
equation. Eventually, we may get an explicit solution of this problem. So far, however, it
docs not exist. The following approximative cases have been studied: First, the simplest,
is Kimball's model where he assumes a central force to account for the statistical codling of
the poly-molecule, and then a uniform distribution of electrostatic charges within that sphere.
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Another model which has been used is Debye's: a uniform charge density but with a statistical
calculation of the curling effect of the polymer coil. Then Hermans made a calculation in wliich
he assumed essentially that the molecule was aready extended but was flexible, and assumed
a continuous distribution of charge. They made some mathematical approximations which
perhaps are a little hazardous. Kuhn, Ki'mzle and Katchalsky have made probably the best
statistical treatment of the charged coil molecule. They alowed charges located in different
spots along a molecule, the model of whichis the Kuhn flexible coil. They get into some
mathematical difficulties and again approximate their way out. One of the approximations
they made was that the electrostatic? potential within the coil is that given by Debye's potential.
This is justified when we have a low density of charge within the polymer. For instance, let
us take polyacrylic acid, which is a very weak electrolyte, and neutralize partially with sodium
hydroxide, so that it is five or perhaps ten percent ionized. Then the Katchalsky approximation
seems (0 be justifiable both physically and mathematically. In this range, the activity coefficient
calculated from the theory agrees beautifully with his theoretical predictions, but the theory
does break down at higher concentrations as expected, because the basic approximation begins
to fail. Then, finally, we have obtained an explicit solution of the Poisson-Boltznutnn equation
for the case of a polymer molecule which has reached the limit of dissociation, o that it is extended
to a rigid rod; that is, we have a solution of this problem for the stiff rod-like molecule, with
no flexibility at all.

BONHOFFER: We are interested at the moment in getting the concentration and the
activity of sodium and potassium ions in metaphosphate solutions. We know then; are changes
of polymeric phosphoric acids so your ideas may be applied to this problem. We tried to measure
the sodium activity and the potassium activity by using the following method. | would he
interested to know what you think about it. We made membranes of ion exchange materials
just as Marshall did with his plates of clay. These membranes do not give exact values, but
do permit the preparation of membranes which are very last. One can measure the sodium
activities; for example, we found in this case that it depends on the concentration of the sodium
where the activity coefficient is about 0,1 or 0,2. Do you think it is a very convenient method ?

Fuoss: As you know, the methot! is perfectly sound, so the only possibility of 1rouble
that | can see, would be purely experimental, in the way of leaks or contaminition; 1 know
you are a careful experimenter, so those hardly come into the question.

BONHOFFER: | think it is quite easy. The conductivity of these membranes is purely
jonic, and | think not with plasticizer. It is aso very high.

Fross: A plasticizer is present: water. Then there is another method, that Kern
has used in measuring the activity coefficient of sodium polyaerylate; again it is a
thermodynamic method. He usss a sodium amalgam electrode and measures the electrode
potentials, which of course, is thermodynamically found.
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INTRODUCTION

The observation that strong electric charges are developed in samples
of dielectrics such as carnaubawax, parafin, colophonium, naphtalene, etc. which,
previously melted, were solidified in the absence of any external electric field
(COSTA  RIBEIRO, 1943), led us to the hypothesis, confirmed by subsequent
experiments; that those charges were due to the development of electricity as a
consequence of the phase change of the dielectric.

In the course of 1944 we carried out a systematic experimental
investigation on naphtal ene, and have confirmed the production o] an electric current
when a phase change takes place at the inter-face of the solid-liquid dielectric
system, a phenomenon which we proposed to call: Thermo-dieleclric effect (COSTA
RIBEIRO, 1944).

A description of these experiments with the results of the measurements
and the conclusions drawn from such observations, have been summarily reported
in the "Anais da Acidemia Brasileira de Cicncias’, and extensively discussed
and developed in a "thesis" presented to the "Faculdade Naeional de Filosofia,
Universidade do Brasil", for the granting of the Professorial and Doctor Degree
in Physics (COSTA RIBEIUO, 1945 a b).

THE THERMO-DIELECTRIC EFFECT

This pioneering work can be summarized .
in the following way: '"""’“"J’ O

In a capacitor whose dielectric is partly in
the solid and partly in the liquid state, one of the
plates being in contact exclusively with thesolid, and
the other with the liquid, if a phase change takes
place at the inter-face, an electric current, is produced,
as a consequence of the phase change (fig. 1).

The current produced (Thermo-dielectric Fi. | -~ fehematic roprosenintion
current) in such a system (Thermo di€lectric cell) can o ’
be detected and measured by the time rate of charging of an electrometer connected

to the plates, if one knows the total electrostatic capacity of the system.
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The direction of the current produced is related to the direction of the
phase change and to the direction of the displacement of the interface; its
intensity is related to the time rate of the phase change.

The measurement of the charges developed respectively during the
solidification or the melting of the same mass of the dielectric has shown that those
charges had opposite signs but the same magnitude, which induced us to think that
the effect is areversible one, so far as the direction of the phase change is concerned
(COSTA RIBEIRO, 1945b).

METHODS FOR THE EXPERIMENTAL STUDY OF THE EFFECT

According to the order of magnitude of the thermo-dielectric currents
(around 10'** Amperes, for the cells we have worked with) elcctrometric methdos
are the most suitable for its measurement, but careful precautions must be taken
in order to avoid leakage (COSTA RIBEIRO, 1945h).

Charges developed can be measured by the time integral of the current
produced (COSTA RIBEIRO, 1915a, b), or by collecting the total charge in a large
and well insulated air capacitor, that is afterwards
discharged through abalistic galvanometer (COSTA
RIUKIRO, 1950) (fig. 2).

Other methods have been described
Fig. 2 — Dingram of the rivenit. (COSTA RIBEIRO, 19453 b, 1950) employing many
cimployed for te measurement of types of cells, several shapes of electrodes and
the wtal charge doveloped in % Gitterent ways of measuring the current and the

charges. These methods include melting and soli-
dification of dielectrics, that are solid at room temperature or freezing of dielectrics

that are liquid at room temperature.

For the quantitative study of the effect we have employed a thermo-
dielectric cell whose internal electrode was an aluminium vertical cylinder cooled
by a controlable air flow inside the electrode (we used filtered air with low speed
in order to avoid completely charges eventually produced by friction).

The external electrode was an helicoidal strip of aluminium involving
the internal one. The two electrodes were immerged in the liquid naphtalene,
contained in a vessel placed in a thermostatic chamber at a temperature slightly
above its melting point. Cooling of the internal electrode by the passage of the
air, caused the formation of a coating of solid naphtalene on its surface (fig. 3).

The internal electrode was permanently suspended on the beam of a
laboratory balance, with a special device in order to compensate the reaction force
of the air escaping the electrode (figs. 4 & 5).

With this system we could measure continuously the variations of mass
of the solid deposit of the dielectric. The continuous measurement of the current
produced was carried out with a monofiber Wulf electrometer, by the time rate of
charging method.

In this way we could draw simultaneously the current-time and the mass
time curves, during the processes of melting or solidification (figs. 6, 7 & 8).
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LAWS OF THE THERMO-DIELECTRIC EFFECT
From the measurements above reported we could derive

the two following laws of the thermo-dielectric effect:

Law of intensitiess "In isothermal melting or
solidification, occurring at a constant rate, in a thermo-dielectric
cell, the intensity of the current produced is proportional to the
time rate of the phase change'.

i = ky dmvdt

k being a constant for agiven cell and agiven dielectric (fig. 9).

Law of charges: "|f adiphasic dielectric system passes
from one state of equilibrium to another state; of equilibrium,
the total electric charge associated with the change of mass of

i i i " Fig. 3 — Thermn-

one of the phases is proportional to this change of mass'. o atrin vl with
- immersion eleeim-

= ot o= Ja L — = A deo K1 —- Immer-

@ \/1 it kg ml) kg m ston eleetrode; BLE,

- Exicrnal  clers
ko, being a constant for a given cell and a given dielectric ff“'}:is'l‘l’l‘i’('f'“(i;;'jfl‘,_fj
(fig. 10). 1riv; & — Bolirl tie-

. leetrie: ¥V — Pyrex
A careful analysis of the results of measurements so far insulatar,
carried out (COSTA RIBEIRO, 1950) shows that, for the same
type of cell and the same dielectric, the constants k; and k, have practically the

same value, which can be represented by A.

The discussion of the data so far reported shows that, if measurements
are performed with the same type of cell but with different dielectrics, the values
of k differ greatly for each kind of dielectric, not only in magnitude but dso in
sign. This strongly suggests the existence of a new specific physical constant,
characteristic for each kind of dielectric and which we will call the thermo-dielectric
constant.

In the case of naphtalene this constant would have a value around
3 X 10° coulomb/gram.

THEORETICAL TREATMENT

Comparison of the curves of variation of the thermo-dielectric current
with the corresponding variation of the velocity of the phase change (fig. 8) led
us (COSTA RIBEIRO, 1945 b) to the conclusion that the current is an hereditary
function of this velocity and that the instantaneous value of the current can be
expressed by an integro-differential equation of the same form as that established
by GROSS (1940) for the absorption current, in the theory of the anomalous
behaviour of solid dielectrics.

In the case of the thermo-dielectric effect the current produced, as a
consequence of the phase change, can be considered as an hereditary function of
the time rate of this phase change {d¢m (r)/dr} in which m(r} is the instantaneous
value of the mass of one of the phases, function of the time variable T .
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The instantaneous value of the thermo-
-dielcctric current at a given instant (/) is the
resultant of the remaining contributions, at this
instant, of the currents produced by all the
variations of the mass, previous to that instant,
and can be expressed by the equation:

1'(:')=f d?gf_r)go(tufjdf

In which ¢ is an hereditary function, whose
form will be discussed later.

Fig. 4 - Spevial suspension From this equation, and without any

syl fur eompensation of the paticylar hypothesis on the internal mechanism of
meacton firee due to the caraping

air. B — Heam of the balanee; the effect, can be derived the two fundamental

N Adr distribgtion spstemn;, T i ; :
7 Rubber tabing: £y al fo - laws previously established experimentally.

Muohr's wippers Tor the controll .
of the wir distribution; 4 — Ajr ( lNTRA Do PR.ADO. (19466) has §h0wn that
daniper. to the hereditary function in this equation can be

attributed the exponential form and, CINTRA DO
PRADO & SARAIVA DE TOLEDO (1917) employed the simplified equation so obtained,
for numerical verifications, calculating a curve that fits very closely with the
curve drawn from our experiments (fig. 11).

Fig. 5 — Srhematie representation of the cquipment cmployed for Lhe quantitative study

of the thermmlickeetrie offeet, 7.0, - Theemo-dicleetric cell; Ef, ~ Imimersion glectrode; €7,

— Thermostalic chamber; A.C. - Air eompressor; B - Bulanee; AU — Eleelrometer; € - Air
enpacilor; 7' — Hocepler's theemostat.

The assumption of the exponential form for the hereditary function
has also led GROSS (1946) to the suggestion of very simple and interesting methods
for the local analysis of the mass-time and the current-time curves, and for the
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determination of the thermo-dielectric constant and of the time-constant of

the system.
SARAIVA DE TOLEDO (1940) studied also, theoretically, some implications

derived from the law of charges in the case of cyclic transformations, establishing
new ways of calculating the value of the thermo-dielectric constant by the
consideration of corresponding values in the above mentioned curves.

HYPOTHESIS ON THE INTERNAL MECHANISM OF THE EFFECT

In order to interpret the origin of the thermo-dielectric effect one can

admit the existence of an electric double-layer at the solid-liquid interface. The
displacement of the double layer, as a consequence of the phase change, and the
capture of part of its charges by the solidified dielectric would account for the

observed effect.

A

ot

3
e,
‘.
K
—]

¢ pma)

Fig. 6 — Resulis of measuremenis with naphtalenc. m = Variation of (he mass of the solid
phoae; damfdt — Time rate of the phase chung e § — Thermo-dicleetrie curient.

Different hypotheses can be put forward as to the origin of such a double
layer. A brief discussion of these hypotheses has been given in our thesis (COSTA

RIHEIRO, 1945b).
An electronic mechanism based on the hypothesis of different densities

of loosely bound electrons in the solid and liquid phasas of the same substance,
has been proposed by TIOMNO (COSTA RIBEIRO, 1945a), and the nature of the
elementary processes involved has been discussed by CINTRA DO PRADO (1910b)
who calculated that, in the case of naphtalene, the number of molecules that
pass from one phase to the other corresponding to the liberation of one

elementary charge, is of the order of magnitude of 10
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BROAD RANGE OF OBSERVATION OF THE THERMO-DIELECTRIC EFFECT

The observation of the phenomenon has been reported in a large variety
of dielectrics, including: different kinds of carnauba wax, ouricuri wax, paraffin,
colophonium, naphtalene, naphtol, stearic acid, fluorene, acenaphten, palmitic
acid, sacharose, sulphur, etc.

More recently it has aso been reported in the solidification of benzene,
and in the freezing of water (COSTA RIBEIRO, 1917).

The experimental evidence so far given seems to indicate that the thermo-
dielectric effect is not peculiar to a limited number of dielectrics but, on the
contrary, is avery generad phenomenon. All the dielectrics that we have tested
presented the effect in a larger or minor degree.

It is more easily observed in substances of high electrical resistivity,
because in such substances, the leakage of the developed charges is very small
and these charges can be easily detected and measured by the potential difference
that they produce in a sensitive electrometer of low electrostatic capacity.

It is not improbable however, that similar effects should aso be produced
in the phase changes of substances with lower resistivity, but its observation,
in such cases would be much more difficult.

OBSERVATION OF SIMILAR EFFECTS IN DIFFERENT TYPES OF PHASE CHANGES

It is not only in [ar
the case of melting or
solidification that such
phenomena occur; it has
also been observed (COSTA
RIBEIRO, 1945b & 1950)
that charges are developed
in crystals of naphtalene
precipitated from a
concentrated solution of
naphtalene in alcohol,
benzene, toluene or ether.

A carcful
investigation is being
carried out presently, at
our laboratory, by A. DIAS
TAVARES, S. MASCARENHAS
and E. RODRIGUES (with
fellowships grant[Ed by the Fig, 7 — Reversibility of the thermo-dielectric effret
Conselho Nacional de {measurements dore with Pazallin, employing a ecll
Pesquisas), on the thermo- with plene eleeiromdes).
dielectric properties of crystals of naphtalene, precipitated from a solution of
toluene, and of the charges liberated from such crystals, by its dissolution in
different solvents.

iy
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Preliminary results (not yet published)of these experiments seem to
indicate that effects very similar to those observed in solidification or melting
of naphtalene can be reported in the precipitation or in the dissolution d*
naphtalene in different solvents.

Residual charges have already been observed in crystals of naphtalene
resulting from sublimation of that substance, (COSTA RTBKIRO, 1945b & 1950),
and aso in solid carbon dioxide (COSTA RIBEIRO, 1947).

The facts above reported seem to suggest that termo-dielectric effects
are observable in all phase-changes in which one of the phases is solid.

It would be interesting to investigate if a similar effect could be observed
in transitions of two solid phases of the same substance, as, for instance, in the
transition from alia to beta allotropic varieties of sulphur or in polymorphic
transitions of other substances.

DISTRIBUTION OF THE RESIDUAL CHARGES RETAINED
THE SOLIDIFIED DIELECTRIC
A very careful

investigation of these s 4% /(-l

charges has been carried

out recently by A. DIAS

TAVARES (1952). As a /\
consequence of this study =

wo have strong evidence \
to believe that, during N
solidification of naphtalene ) T \

W
negative charges are \ \ \ .
e N

P

B

expelled from the solid
phase into the liquid one; . ) '

that the positive charges . \‘Wr..’
are spatially distributed
in the mass of the solid

g e
deposit, and that a thin -
external film of negative y
charges is adherent to the = *

surface of the solid deposit,

that was in contact with ;////.-/"_-_ ’
the liquid during the L‘
process. /M

These results are Fig. & Current-time and mass-lie corves Jor different eaies
. of rolidification of paphtalenc. T 0 IV and ¥ - Mass
very important because eurves corrosponding (o dilfersnt cransition velovitios, £, Ff,

they contribute to explain I, IV nd V- Respeetive current curves

many particular features

of the phenomena observed, and will certainly permit to relate the value of
these residual charges, to the value of the thermo-dielectric constant as
determined by other methods.




148 J. COSTA RIBEIRO

ELECTRIC CHARGES DEVELOPED IN THE FREEZING
OF WATER. METEOROLOGICAL IMPLICATIONS

Recently we have had knowledge, by a paper of CLAY & KRAMER (1947)
that a group of works had been published during the last war by meteorologists
in Germany, dealing with the interpretation of atmospheric electricity developed
in thunderstorms (FINDEISEN, 1940 & 1943; LANGE, 1940).

Especially remarkable is the paper by FINDEISEN (1940). This author
admits that electricity developed in thunderclouds is related to the presence of ice
particles.

This hypothesis was suggested to him by the characteristic noises pro-
duced in the wireless receiving sets of airplanes, approaching clouds containing ice
particles.

With the aim of finding confirmation of this hypothesis, FINDEISEN
made the following experiment: A metalic cylinder well insulated, and connected
to an electrometer is placed inside a canalisation in which flows a current of air
with a high degree of relative humidity or even charged with fog.

If the internal cylinder is previously cooled to a temperature attaining
- 60°C, the current of wet air is accompanied by the formation of rime at the
surface of the cylinder, and the electrometer indicates a positive potential against
the external canalisation.

FINDEISEN'S experiment has been interpreted, shortly afterwards,
by LANGE (1940) in terms of contact or Volta-potentials between the solid and
liquid phases of water; LANGE tried to confirm this point of view by the results

of his own experiments on closely associated phenomena to those dealt with by
FINDEISEN.

CLAY & KRAMER (1947) considering that there were some
discrepancies between the results presented by FINDEISEN and LANGE, carried
out new experiments along similar lines.

In many aspects the  _
results of CLAY & KRAMER B ] /
have confirmed those of |17
FINDEISEN and LANGE, but [o
there was not a complete /
agreement in some other /

aspects. .
CLAY & KRAMER,

for instance, could never ]
observe the negative charge

mentioned by FINDEISEN, -
during the evaporation period al 2 L)

of the rime. Fig. @ — Proportionality Detwueen the intensity of the
CLAY & KRAM ER thermo-dielectric currcnt and thir transition voloeity in

. hase rchanges occurring at s consbant rate (et law of
(1947) measured aso with a P SrE Ao b forty,

ionium probe the contact

potentials of water, ice and rime to air, finding alower potential for rime covered
surfaces than that found by LANGE.
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These results of CLAY & KRAMER seem more in agreement with ancient
determinations of such contact potencials as reported by SOHNCKE (1880) and by
FAIRBROTHER & WORMWELL (1928).

One of the experiments of CLAY & KRAMER, employing an apparatus
similar to that of FINDEISEN, has shown that the charging of the cylinder failed
to occur when the air was completely cleared of all charged nuclei by means of
a cotton filter.

This result inclined those authors to the view that the charging of the
internal cylinder was conditioned by the contact potentials of the ice or rime to
air, but was really due to the capture of charged nuclei in the air flowing around
the cylinder.

ELECTRICAL PHONEMENA OCCURRING IN THE FREEZING
OF AQUEOUS SOLUTIONS

A very important step in the study of the charges observed during freezing
of agqueous solutions has been given recently by WORKMANN & REYNOLDS (1950).
These authors have disclosed the important part played by the presence in the
liquid, ascontaminants, of very small concentrations of different ionsin the electrical
phenomena ocurring during the freezing of such solutions.

Amonium and fluoride ions have proved to be the more effective in
producing large potential differences during the freezing. At a freezing rate of 1
cubic centimeter per minute these authors have measured currents whose order of
magnitude was 1 microampere.

The authors have pointed out that the character of the effect observed
is afunction of the nature and concentration of the contaminants in solution with
the water.

Furthermore, these authors think that the observed effect is due to the
capture of those foreign ions in the ice structure.
= — ——— The important part
[:.‘{:_ played by ionic contaminants

] in the electrical effects
/ observed during the freezing
of water, as reported by

/ WOKKMANN & REYNOLDS, and

L~ confirmed by SCHAKFFER
/ (1950), suggests at once the
idea of interpreting the

/ phenomenon we have observed
in naphtalenc and other

; P = o dielectricsandwhichwecalled
ihcrmo-dielecAric cjject, in terms

Fig. 10 — Proporiionalily betwecn the eharge developed e "
snil the masa of the diclwetric which pfﬂm lflmm umll aso of ionic contaminants or
phase 1o the other, between two stales of equilibrium of e .
the diphasic system (2nd. Jow of the T.I. offort), 'm PU_;]' ties present in the
material.

It is not however an easy task to decide, at the present moment, if,
in a general way, ionic contaminants play an essential part in the thermo-dielectric
effect.
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The fact that we have observed and measured the currents produced
in the solidification and melting of very pure naphtalene (many times recristalised
from alcoholic solutions and finally sublimated), together with the fact that this
substance has a non-polar character, is a strong argument for the existence of
the effect as a simple consequence of the changing of phase of the pure substance,
leading to a thermo-dielectric constant, specific for each kind of dielectric.

This is not inconsistent with the idea that the presence of contaminants
can produce an increase or a decrease of the observed effect, as a consequence
or the capture, in the solid phase, of ions present in the liquid.
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According to this view, one should consider in the electrical effects
acompanying the phase change, two different components: the (hcnno-diclcctrical
effect, related to the nature of the* dielectric, considered as a pure substance, and
an effect of Jon capture by the solid phase, related to the nature and concentration
of the contaminant ions.

S.MASCARENHASIs presently investigating carefully at our laboratory,
the influence of contaminants on the value of the thermo-dielectric constant
of naphtalene, and we hope that the results of such experiments will throw a
new light on this problem.

Before this question is clearly settled we don't think that one should
simply identify the thermo-dielectric effect, and the effect disclosed by WORKMANN
& REYNOLDS, a was done recently by HOFFMANN (1950).
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RELATIONSHIP BETWEEN THE THERMO-DIELECTRIC EFFECT
AND THE CRYSTALLINE STRUCTURE OF THE DIELECTRC

It has already been pointed out that the effects observed are strongly
influenced by the way in which the solid phase is formed. The solid deposit
formed in a thermo-dielectric cell, when the temperature gradient is small and the
solidification proceeds very slowly, has the characteristics of a single* crystal, or
at least, of an ordered and uniformly orientated deposit of single crystals (COSTA
RIBEIRO, 1945b). |f thesolidification israpid, adisordered solid deposit is formed
and a much smaller effect is observed, with frequently erratic results.

Carefull investigations are being carried out presently by 10. RODRIGUES,
in cooperation with Prof. E. TAVOKA, who is studying by X-ray diffraction
methods the position of the crystal axis in different types of solid deposits of
naphtalene, in order to establish what are the real connections between the observed
electrical effects and the orientation of the crystals in the solid phase.

The first results of these studies seem to show that the electrical effects
observed in the melting or in the solution of solid naphtalene are strongly influenced
by the direction along which the interface solid liquid is displaced as related to the
orientation of the axis of the crystals.

CONCLUSIONS

It seems that the disclosing of the very general character of the thermo-
-dielectric effect and the establishement of the general laws governing it throws
anew light on many previous observation of electrical effects accompanying natural
phenomena.

We hope that the knowledge of these laws disclosed in the well-controlled
phase change of a pure substance like naphtalene, will help to interpret the
observations reported in the complex conditions prevailing in the previous
experiments on ice and rime by FINDEISEN, LANGE, CLAY & KRAMER. We hope
also that new experiments will settle clearly the questions raised by confronting
the observations on the thermo-dielectric effect with those recently reported by
WORKMANN & REYNOLDS on aqueous solutions, whose important meaning for the
understanding of electricity production in the atmosphere must be duly emphasised.

We are sure that the new field of research that has been opened by these
correlations of electrical phenomena to the phenomena of phase changes, will
lead in the future to interesting and important discoveries, for the benefit of
mankind.
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DISCUSSION

GALLONI: Querfa saber s s ha observado alguna orientacion privilegiada en los cristales
en lafase srilida obtenida despubs de una experiéncia de medicion del efecto termo-dieletrico?

COSTA RIBEIRO: Este es un punto import ante porque hemos observado que cuando la
solidification se haec muy rapidamente, los cristales que se formam son desoi'ientados y se observa
un efecto nienos grandc. En compensation, si uno toma las precaucionos necesarias para obtener
un monocristal, o por los menos cristales uniforinemente orient ados, entonces se tienen ofeetos
mucho mas concordantes y de valor mas grande. Es interesante observar que se puede verificar
sencillamente el earaeter monocristalino del doposito solido formado, por medio de luz polarizado
y se observa que la eelula termodiel ectrica con que hemos hecho el trabajo, !a eelula con electroda
de inmorsion, realiza practieamente las condiciones ideales para formation de monocristales
porque se tiene un gradiente de temperatura muy reducido entre la pared interna enfriada de
la celulay la pared externa en contacto con el Ifquido termoestatico y, cambiando la velocidad
del aire insuflado, se puede redlizar un gradiente de temperatura tan pequeno como se quiera,
dc modo a poder obtener monocristales en una superfieie relativamente considerable. Pero
la euestion, plantcada espeeffitamente, de la orientacion de los cristales despues de la solidificaion
esta siendo investigada por el Prof. E. Tavora, junto con mi colaborador Sr. E. Rodrigues, y se
ha observado realmonle que en las peliculas solidas obtenidas parece que la orientacion de los
cristales de naftaleno es siempre la mistna en relation con los ges tristalograficos. Hay tambien
otra observation interesante en cristales obtenidos por precipitation de naftaleno en solution
de toluol, que tienen la forma de agujas. Si estos orislalos son fundidos en la direction longi-
tudinal presentan un efecto mucho menos acentuado que si son fundidos en la direction perpen-
dicular. Eso podria ser una consceueneia de la influencia de la orientacion cristalografiea en
relation a sentido en que se procesa el desplazamiento de la interfase, pero puede tambien ser
debido a hecho que la distribution interna de las cargas en el cristal sea de tal orden que en
la fusion longitudinal so tonga una neutralization progresiva de las cargas, fluthos semejantes
han sido observados en cristales tabulares obtenidos en solution de alcohol o toluol; cuando se
hunden o se disuclven en una diretcidn paralela a las caras mas anchas del cristal se observan
efectos mucho mas apreciables que cuando la disolucion se hace en direccion perpendicular a
esas caras.

GOLDEMBERG: Poderiainformar se observou algumarelacfio particular entre a viscosidade
de fase liquida da ctflula ¢ a corrente termodielectrica?

COSTA RIBEIRO: Por enquanto nao fizamos nenhuma determinaeao da viscosidade
mas acreditamos que deve haver uma relacao, porquanto a viscosidade do Ifquido.deve estar
relacionada com a sua condutibilidade eletrica E no caso do naftaleno, como ja five ocasiao de
dizer, observa-se facilmente que a condutibilidade e maior na fase liquida do que na fase solida,

ESCOBAR: Quisiera saber s & ha medido la constante termodielectrica en el caso del
agua, y se se ha medido la carga liberada por cm?®.
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COSTA RIBEIRO: En el caso del agua hemos hecho s6lo expcrimentos cualitativos.
Es uno do los trabajos que cstaban planeados para el |aboratorio, en el corriente ano, la deter-
mination cuidadosa de la constante termodieteetriea del agua. Pero la publication del trabajo
de Workmann y Reynolds determine una modification del plan de trabajo primitive Serfaahora
nesesario conducir estos expcrimentos teniendo en euenta no solamentc cl punto de vista en que
nos habiamos colocado, de una constante dependiente de la naturaleza del solvente o del dielec-
trieo que se solidifica, pcro tambien la evidencia aportada por aquellos autores en el caso del
agua, de la accion do contaminantes ionicos. Creemos que el mas probable es la existencia de
un efee to sin contaminantes que es superpuesto a otro, pero de todo e se concluye que
cs realmente muy interesante hacer determinaciones preeisas en e caso del agua

ESCOBAR: Ha llegado a |la fecha a alguna conclusion con relation al agua? Ha llegado
a tomar agunas mediciones?

COSTA RIBEIRO: Praeticamente no. Hay tambien una euestion en el caso del agua
que es muy delicada, es que el agua en la fase solida es un dielectrieo, pero en la fase Ifquida es
un conductor y como la temperatura ambiente es relativamente elevada, los dcp6sitos de hielo
que se fonnan son praeticamente reeubiertos de una pelfcula liquida conductora. Para evitar
lainl'lucncia de csa pelicula conductora que anula praeticamente la posibili<lad de observacién
de las cargas, es necesario hacer los experimentos en temperaturas extremadamente bgas lo
que, en €l clima de Rio de Janeiro, infortunadamente, no es muy facil.

ESCOBAR: Serfa muy interesante hacer una cosa similar e incluso a presiones medias
0 presiones relativamente bajas que es donde tiene lugar la condensation y la formation higros-
copicas en el caso del hielo.

COSTA RIBEIRO: ES sumarnente importante verificar incluso la posibilidad de apli-
cacion de este efecto para interpretar las diferencias de potential observadas en las tempestades.
Yo pienso que Chacaltaya serfa el lugar ideal para expcrimentos de este tipo porque lids, no
tienen los mismos problemas de temperatura ambiente que tenemos en Rio.

ARRUDA: Desgjava saber, s nap seria interessante fazer experiencias tambem com
enxofre em estado de fusao, porque tenho a impressao de que o enxofre, logo apos a solidificacao
descnvolve cargas electricas eonsideraveis. E uma observacao que tive oportunidade de fazer,

COSTA RIBEIRO: Realmente tambdin ohservamos cargas rcsiduais no enxofre
solidificado. Nao fizemos ainda ate agora uma experieneia durante o processo de solidificacao
do enxofre, o que evidentemente devera ser feito logo. Urn dos meus colaboradores, S. Mas-
carenhas, tern mesmo o grande desgo de fazer experiencias, para verificar se se observa algum
efeito similar na passagem das variedades alotrdpieas a e R do enxofre’, porque, so se trata de
um efeito ligado a estrutura cristalina, ¢ possfvel que nessa transicao de a para 3 se possa ob-
servar alguma cousa de interessante, mas tal experieneia ainda nao foi feita

MIODINA: La parte de la corriente* que Ud, demostro ser proporcional a la velocidad
de cambio de fase, probablemente indica que hay una rclacion entre la energia de activation
del cambio de fase y la production de la corriente. Si e arelacion exist iera deberia manifestarse
probablemente como una alteration de la temperatura del cambio de fase en relation con el
potential aplicado ala celula. Se ha hecho alguna determination de esta naturaleza, se ha tratado
de correlationar el trabajo electrico total con la energia de activacion del cambio?

COSTA RIBEIRO: NO, e es un aspecto nuevo que no ha sido todavia considerado,
Yo le agradezeo de haber [lamado la atencion sob re eso. En uno de mis trabajos anteriorca
yo hice una observation sobre la posibilidad de hacerse una eomparacion entre los resultados
teoricos de la formula de Clapeyron para el cambio de fese y los resultados experimental de
medidas directas de ealor de cambio de fase, pero yo pienso que probablemente e orden de
magnitud de la energfa puesta en juego con el efecto termodiel6trieo debe ser tan pequena com-
parada con la otra que corresponde a cambio da fase que solo con mediciones muy delicadas
podrfan ser observadas las discrcpancias.

MEDINA: YO no me referfa tanto a la energia total del cambio de fase como apareceria
en la ccuacién de Clapeyron por ser en efecto mucho mayor que la parte que serfa observable,
sino me referfa mas bien a la energia de activation del cambio de fase, tal como aparecerfa, por
ejemplo, en una ecuacidn de Arrhenius.

COSTA RIBEIRO: Tiene razon, eso no ha sido hecho. Yo le agradezeo la sugestion;
es muy interesante.
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H. SCHWARZ: Gostaria de saber s 0 senhor achou alguma dependeneia do fenomeno
termo-dielcctrieo, com outras const antes como por exemplo 0 momento de dipolo dos liquidos,
0 que poderia talvez indicar o eaminho para uma explieagao do efeito.

COSTA RIBEIRO: Naturalmente e de s supor que todos os processos que envolvam a
producao de ions ou a liberacao de cargas, possam ter influencing sobre a eorrente observada.
Entretanto, infelizmente nao pudemos ainda realizar a exploragao dos diversos eaminhos que
se apresentam no estudo desse novo fenomeno de modo que esses pontos nao foram ainda inves-
tigados.

KIBELKA: O senhor ja tern nas suas referencias exemplos de substnncias sem dipolos
e com dipolos; quais os vaorem da constante do seseu efeito nos casos de dcido cstedrico e do
beta-naftol ?

COSTA RIBEIRO: NO caso do acido estedrico, fizemos apenas uma verificagao quali-
tativa da existencia do fenomeno, mas nao fizemos ainda a determinagao precisa da constante.
Entretanto observagoes feitas por meu assistente, Snr. Dias Tavares, parecein indicar utn fato
muito interessante: e que as 2 variedades alfa-naftol e beta-naftol apresentam constant es termo-
-dieletrieas do sinais contrdrios. Nao e esta ainda uma eonclusao definitiva, mas o resultado
preliminar de experieneias reeentes e a contaminacao do naftaleno comum com essas impurezas
seria talvez o motivo pelo qual temos encontrado dificuldades em obter resultados muito coe-
rentes com o naftaleno comum, os resultados ainda divergem em torno de 10 e ate 20% em certos
caos. De modo que a sugestap 6 muito interessante, r possivel que essa diferenca de sentido
ou de sinal no valor da constante, esteja relacionada com a estructura molecular,
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Since its discovery the electret (GROSS & DENARD, 1945; GROSS.,.
1949 & 1950), frequently has been taken as a freak rather than an object worth
while of serious consideration. Ad-hoc invented theories increased the distrust
it met with. The present exposition shows that the behavior of the earnauba
wax electret can be accounted for satisfactorily by well known and generally
accepted dielectric and conduction effects: dielectric absorption, dependence of
dielectric polarization on temperature, and disruptive conduction currents. The
unusual feature is the coexistence of all these mechanisms which under normal
conditions are encountered separately.

Dielectric absorption, observed in piratically all solid dielectrics, is caused
by delayed orientation of dipoles or molecular arrangements, and/or by ionic
polarization. In consequence of absorption, acapacitor containing asolid dielectric
can neither be charged nor discharged instantaneously.

Temperature exerts a strong influence upon this effect. Although
leaving practically unchanged the total amount of charge absorbed, it affects the
charging and discharging rates. Both charge and discharge are fast at high
temperature and slow at low temperature. When use is made of this effect, a
considerable amount of charge can be stored in a shorted capacitor for a very long
time. For this purpose the dielectric is charged at a high temperature. Then the
temperature is reduced without the applied voltage being withdrawn; no discharge
can occur in this stage. Finally the capacitor is shorted at a sufficiently low
temperature. Now the rate of discharge will have become so slow that only a
fraction of the total charge dissipates within a "reasonably” short time. The rest
remains frozen-in; it can however be liberated by reheating.

A dielectric containing a frozen charge is necessarily the seat of electric
fields which induce surface charges on the plates covering the dielectric. By
lifting the plates, these charges become free and can be measured and discharged.
Upon reassembling the system, they appear again like in an electrophor. Thus
dielectric absorption combined with an adequate heat treatment will produce
the electret effect. The polarity of the absorption charges is such that the surface
of the dielectric adjacent to the anode carries a negative charge, that adjacent to
the cathode a positive one.

In all devices which have (and can) be used for such measurements, the
electrodes make not molecular contact with the dielectric. An interface exists
where the dielectric constant is less and the dielectric strength lower than inside
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thedielectric. Thelow value of thed.c. favors field concentration in theinterface,
the low strength favors breakdown. Consequently even a relatively low mean
value of the applied field can give disruptive phenomena in the interphase. Such
phenomena have been observed independently in voids and at the surfaces of
cables and technical insulators; in this connection they were already studied
extensively due to their decisive influence upon the performance of the insulator.
They result in transfer of charge from the electrodes to the surfaces of the dielectric,
and formation of a ionic surface layer. This charge of course has the polarity
of the electrode it comes from. Thus at the anode the dielectric becomes charged
positively, at the cathode negatively. After the short circuit, the ionic charge
remains trapped on the dielectric: Inside the dielectric, no field is left that could
allow for conduction current and "internal" discharge; in the interface, the field
has fallen below breakdown threshold and this excludes "external" discharge.

Superposition of the charges due to dielectric absorption and to interface
breakdown cause the peculiar behavior and polarity reversal of the global charge as
it is observed in experiment. An adequate experimental technique and method of
analysis provides one with sufficient evidence for a quantitative interpretation and
leaves not much room for extravagant, theories.
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DISCUSSION

FLOSS: | would like to mention some experiments made at the General Electric Co. several
years ago, which are on entirely different systems, but show some correlation with your observations
and may perhaps resolve the question whether the charge is ionic or dipolar. The system
studied was polyvinyl chloride, plastieized with diphenyl and containing tetrabutylammonium
bromide as a soluble electrolyte. Herb we have a dielectric which contains ions which
we know are present, because we deliberately added them. Now, if we measure, just as Dr. Gross
did, current as a function of time; at fixed voltage, we find a decrease of current which very
much resembles his curves. If we reverse the voltage, the curve immediately goes back to the
original value; that is, the charge built up is destroyed at once and short-circuited. If, on the
other hand, we at this point turn off the voltage and then simply measure in a bridge; circuit
the effective resistance, then we find a very slow discharge current. Charging voltage was
500 volts across a 2 mm. sample; bridge voltage was only ten. Now, here our time scae was
of the order of minutes whereas yours were of the order of hours: the difference is that we have
very low viscosities in contrast to the very high viscosities of Carnauba wax, but | think the
parallel between the two experiments is suggestive.

GROSS: SO, you conclude that there are many ionic charges.

Fuoss: The shape of the curves and the genera behavior are quite similar. The only
difference is in the time scale, and that is directly traceable, | think, to the viscosity difference.

COSTA RIBEIRO: Nao sei s0 0 Dr. Gross teria tido conhecimento de urn trabalho cujo
resumo foi publicado nas "Letters to the Editor" da Physical Review, de autoria de Franklin,
a proprtsito da producao de hetero-cargas, sem homo-cargas, utilizando-se discos de enxofre
para evitar o contacto dos electrodes com a superficic do dieletrico, Tenho a impressao de
que e mais uma confirmacao experimental do ponto de vista que Gross sempre tern defendido,
em relagao a formagao das homocargas.

GROSS: | think that it is entirely in agreement with the theory that the homocharge
is exclusively due to the transfer of ions of charge from the plate to the dielectric. If you separate
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the dielectric and the plate by an intermediate layer, then the homocharge would accumulate in
the intermediate layer. If the system is disassembled and the intermediate layer removed,
then the homocharge is taken away, too.

COSTA HIBEIRO: Gostarfa tambem de assinalar uma cousa interessante. Nas expe-
riSncias que temos feito com dissolucao de dietetricos verificamos, que e possivel medir as cargas
a medida que vai sendo dissolvido o cristal dc naftaleno. Seria talvez tentar urn melodo se-
melhante para o estudo da distribuicao interna nas cargas nos eletretos, utilizando-se urn solvente
que pudesse dissolver completamente a substantia dc que e feito o cletreto e examinar como
se distribui a carga no interior do eletreto. Qual a opiniao do Dr.. Gross sobre
sugestao ?

GROSS: | think it would be interesting, and as a matter of fact we have started some
measurements on this line. My assistant Miss Leda Laeerda some time ago tried to make
measurements. We took several discs, in this case ebonite, an they wen; treated in exactly
the same way, that is, charged and the charge was frozen in. Then we took one of the discs
and observed the total amount of absorbed charge. The second disc we put in alathe and shaved
off a certain amount at both surfaces and in this way just reduced the thickness of the dise
and observed again the charge, and so on. In this way we got a curve which givesin function
of the thickness of the discs the frozen-in charge. Actually we got a straight line with a finite
inclination. Extrapolation to zero gives the dipole component. The difference between the
maximum and the minimum charge gives the ionic component. But | must say that these
measurements are not yet finished, so | could not come to a definite conclusion.

COSTA HIBEIRO: AS cargas de atrito desenvolvidas no processo de tratamento me-
eanico da superffcie nao afetam apreciavelmente os resultados das medidas?

GROSS: In this ease we did not measure the surface charge with a dissectablc condenser.
We heat the system and we measure the liberation of the frozen-in charge. Your observation
is very important because some people tried to measure charges after the dielectric had been
mechanically treated. | do not think these measurements are correct.
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ABSTRACT

The author has under development a new class of semiconductors characterized by a
a notable ohmic variation under compression, traction or torsion together with the properties
of symmetrical baristors and thermistors. The baristors, as they have been tentatively named,
chemically are mistures of an oxide and the metal thereof or even different metals and oxides.
Nevertheless their electrical properties depend principally upon the process of manufacture or
special treatment.

In this paper in addition to a brief survey of the present status of the research the
author suggests an elementary theory to explain the effect of mechanical efforts or temperature
on the ohmic resistance of baristors. This theory is based on analogies experimentally verified
between diffusion phenomena observed in ionized gases and the behavior of baristors in identical
circumstances.

Discussion is limited to the properties of baristors, as the manufacturing process
still is under laboratory stage and will be covered by a further paper. Samples of baristors
arc available on request to interested persons.

INTRODUCTION

It is known that there is as yet no completely satisfactory explanation
of the behavior of semiconductors, although a great deal of rather disconnected
work has been published on their properties. In view of this lack of uniformity
it seems desirable to give a brief resume" of certain fairly well established principles
of the nature of semiconductors which are invoked in the remainder of the dis-
cussion.

In the lattice structure of a metal the atoms are so closely spaced that the
valence electrons are as much associated with one atom as with another, so that
they are relatively free to travel around from one to another. They are therefore
called "free electrons" and can move easily in response to electric fields. This
means, of course, that the region where they move is not completely filled and also
there are not inside the metal, levels of higher energies. Conduction will result
from the introduction of the metal into electric circuits and hence the name of
conduction band given to this energy band.  In an insulator |attice the internuclear
distance is greater than that at which the energy band overlaps and the valence
electrons completely fill oneband. In this case, between an empty band of allowed
energy level and the filled band there is a region of higher energy level sometimes
called the forbidden region. Diagramatically the energy bands of an insulator are
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usually represented as in figure 1, where a is the filled band, b is the forbidden
band and c is the conduction band. The height A4 E of the forbidden region may
be several electron volts high. At room temperatures an applied electric field cannot
remove an electron from the filled band to the conduction band unless its strength
is of the order of a million volts per centimeter.

A semiconductor may be regarded as an insulator in
=————-+ which the width of the forbidden region is relatively small.
&€ » This reduction of the forbidden region may occur a) — because
m. the gap in energy between the filled band and the conduction
N band is small (of the order of 1 ev) and the semiconductor is

Tig. 1 said to be of the intrinsic type; b) — because of the presence of
extra energy levels as a result, for example, of defects in the
crystal lattices and the semiconductor is of the extrinsic type. Intrinsic and
extrinsic conduction may occur in the same semiconductor. Chemically pure
germanium or silicon or stoichiometric cuprous oxide are semiconductors of
the intrinsic type. Nevertheless, stoichiometrically imperfect metallic oxide
semiconductors are of the extrinsic type. Extrinsic semiconductors in which
the conduction is principally due to the presence of electrons near the conduction
band are said to be of the "n—type" (negative charge carrier); the process
is called "excess' conduction and the extra levels act as donators. Extrinsic semi-
conductors like Cu,0 are of the "p—type" (positive charge carrier) because of
the presence of empty levels ("holes") in the filled (nearly) band; the process is
called deject or deficit conduction, because some of their oxygen atoms have single
instead of double negative charges and the extra energy bands act as acceptors.
Figure 2 shows the energy bands in cuprous oxide. Added foreign material or
impurities cause extrinsic conductivity in the same way as defects in the crystal.
If the impurity has more electrons in its outer shell than the lattice ion there will
be free electrons in the crystal and hence an "n—type" of

conduction; holes or a p—type conduction will result of
impurities with less electrons in its outer shell than the *

lattice ion. \\_\“\_ _____ 1038
The resistivity of semiconductors isvery susceptible
to temperature variations, the explanation being that Fig. 2

electrons with added thermal energies may be raised easier

from the filled band. This means too that the resistivity decreases with
temperature; theoretically it should decrease exponentially and experimental
investigations over a wide range of temperatures show that it does so. The easse
with which electrons or holes are moved in semiconductors by an applied electric
field of one volt per centimeter is called "mobility" and is measured by the drift
velocity of the particle in centimeter per second.

NATURE OF THE MATERIAL

The author presents and demonstrates a new class of semiconductors he
has under development, characterized by a notable sensitivity to mechanical
efforts (compression, traction, torsion) together with the properties of symmetrical
baristors and thermistors. The marked property of variation of resistance with
compression was the first observed and hence the name of baristors, meaning
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pressure sensitive resistors, tentatively coined in the earlier days of the research.
This name is not sufficiently broad in meaning to cover all the properties of this
class of components, but at the present stage of development it seems too early to
decide about a new one.

Discussion here will be limited to the general properties of baristws, &
the manufacturing techniques are yet under the laboratory stage and will be
covered by a future paper. An account of the earlier steps of the development
has already been made on a communication to the Academia Brasileira de Ciencias.
This communication was accompanied by a collection of baristors of different
compositions. Afterwards, when sufficient experimental data is available, a
quantitative treatment covering the different types of baristors will be presented.

This class of materials consists of fused mixtures of oxides, such as ferric
oxide (Fc,O3)j nickel oxide (NiO), cuprous oxide (Cu,0) with the respective metals
or even with the addition of different metals or oxides. The copper baristor for
instance, is a mixture of cuprous oxide and metallic copper. Up to the present
we have prepared copper baristors, iron baristors (magnatic), nickel baristors
and many complex baristors, like iron-copper baristors, tungsten-copper baristors,
etc. They have resistivities in accordance with the composition and specia
treatments. The resistance of different kinds of baristors at room temperature
ranges from a few ohms to the order of severad megohms. The process of
manufacture of the copper baristors favors an increased content of CuO or an excess
of O in the cuprous oxide. This means more copper ions missing from the Cu,0
crystals and an increased number of positive holes per unit volume. On the other
hand, it seems probable that the copper baristor contains interstitial solid solutions
where the smaller copper lattice (ayp = 3.6) fitsinto the larger Cu, 0 lattice (ap =
= 4.25) asthe atomic diameter of copper is very much smaller than that of the
oxygen one. The validity of this assumption is open to question and is to be
verified by X-ray and further investigations.

ELECTRICAL PROPERTIES

For the sake of brevity we shall illustrate the behavior of baristors by
taking the copper baristor as example. Other baristors behave in similar way,
though they may differ entirely in chemical composition. In Cu,0 the highest
filled band is the Cu" band and the hole is provided by a Cu ion converted to a
cupric Cu™ ion. The introduction of metallic copper into the cuprous oxide
lattice provides an additional bridge to the conduction band and hence the extreme
sensitivity of the device as a semiconductor. It can easily be seen why the
resistance of baristors is so sensitive to variations of temperatures and indirectly to
variations of current or voltage. The conductivity of a semiconductor is expressed
b

o= nely
and

1 N »
n=(nt 51007 YKT m

—_11 —
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where

n is the number of electrons in the conduction band when the
temperature is low and » small compared with n.

¢ is the charge of the electron.

u, is the mobility.

n, is the density of centres of impurity or lattice vacancies.

T is the absolute temperature in °K.

R is the depth of the centers of impurity or lattice vacancies below the
conduction band.

k is Boltzmann's constant.

The factor 2 in brackets prevails only when every band is occupied by two electrons
of opposite spins (WRIGHT, 1950). In case of copper baristors, where we have
both extra energy levels and metallic copper, R is very much reduced and n,
increased. This may account for the extreme sensitivity of baristors to temperature
variations. By connecting an ohmiter to a baristor it is possible, at room
temperature, to detect temperature variations of 10°C or less. ~ On the other hand,
at relatively high critical values of T (or of the current through the baristors)
they practically short circuit the generator across them. This seems to indicate
that » has reached a very high value and the electron gas become degenerate. At
these temperatures (very below the melting point) the baristors behave like
semimetals. This phenomenon suggests the use of baristors as thermal relays,
since below' the melting point of the material the resistance resumes its former
value when the temperature is lowered.

Fig, 3 Fig. 1

Fig. 3 Fig. t
Figures 3 and 4 are 1/V characteristic curves of a copper baristor and of
a complex baristor (iron-copper) respectively. Voltages along the x—axis.

STRESS-SENSITIVE DEVICES

It is well known that the resistivity of semiconductors decreases, in
general, at high pressures. In particular the resistivity of tellurium decreases by a
factor of more than 000 at a pressure of 30,000 kg/cm’. Tellurium is a semiconductor
of the intrinsic* type with an energy gap between the filled band and the
conduction band of about 0.38 ev. The decrease of the resistivity of tellurium is
explained by J. BARDEEN as a result of a decrease in the energy gap, the gap
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becoming very small (0.015 ev) at 30,000 kg/cm? (BARDEEN, 1949). Nevertheless,
the resistance of a button of baristor under compression applied by the operator's
fingers may vary considerably, say from 5 megohms to 30,000 ohms; after the
removal of the pressure the resistance resumes its former

value. Further investigations confirmed that the resistance ()
variations of baristors were in dependence on deformations '_':__‘*‘ ot
or changes of dimensions produced by the efforts.

We shall shortly s=e that other experiments on the
behavior of baristors aslow pressure electron ges containers
lead to the same conclusion. There are some striking
analogies between the behavior of baristors and ionized Fig.5

gasss.  For brevity, in the present communication let us

be restricted to an analogy someway correlated to the explanation of the
stress-sensitivity of baristors. To the gas at low pressure enclosed between the two
electrodes A and B of a glow tube (for instance, an ordinary fluorescent lamp) is
applied a high frequency field by moans of a small Tesla coil T, figure 5. The
capacitance C is high enough to provide al | . F. short circuit, so as to avoid any
external difference of potential between A and B. By ionization of the gas a
D. C. current will flow through the low internal resistance meter M. The direction
of this current is reversed when the coil is moved from one electrode to the
other and no current is produced if the coil is held in a position midway between
A and B. Keeping the coil near one of the electrodes the position of the glow tube
may be reversed (if provided with identical electrodes) without reversing the
direction of the current, because this is strictly a diffusion phenomenon. The
diffusion in cese of ionized gases may be treated exactly as in neutral gases
"Any conclusion doduciblc from a study of neutral gasss can be immediately
extended to the motion of ions in a ges, for ions will behave very much like one
neutral gas of very low concentration mixed with another gas of much higher
concentration (MAXFIELD & BENEDICT, 1941). Such being the case and if we
assume that the diffusion process has been established long enough for a steady
state to be reached, the number of particles crossing a given unit area in unit
time will be

£
A=y
Tl

d
— D AL LY
di
where 1 iy the diffusion coefficient, p the concentration of ions nnd
P ddp
o= — — a—
] s

the mean velaeily of the diffusing lons.  Sepposing oll ions of the same c¢harge
(y) and sign, the transport of an clementary charge 4} = ¢pde from o unit eross-
—seetional aren ol A to B will he made in the time ¢ = dfp and the current density
read by the meter should he
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This result is in accordance with our preceding experiments and shows that "the
circuit current is dependent only on the ion concentration immediately in front
of the electrodes and not on the ion distribution in the inter-
vening space (COBINE, 1941). The effects of reflexion and
ion neutralization at the electrodes were neglected. They
may cause a reduction in the current value given by the
formula above.

Now if abaristor is put in place of the glow lamp,
very similar effects are observed, but the operation is rather

Fig. & awkward due to its small dimensions. To operate in better
condition the electric field may be obtained by means of alow
frequency voltage, as represented in figure 6. In this circuit any type of glow lamp
or baristors can be experimented with. Asin thepreviousexperiments, by provoking
different ion concentration in the electrodes of the glow tubes we can obtain
D. C. currents and the direction of these currents also depends on p, and ps.
Here again exactly the same phenomenon occurs with baristors put in place of
the glow lamps as if there were different charge concentrations in the vicinities
of the inserted leads A and B and the current through the meter seems to have
direction and value depending on n, and ng. Furthermore, mechanical stresses,
particularly compression, applied to locations A and B of dissimilar areas modify
the current as if the values of n,y and ng were changed.

This lends support to the assumption that the deformations or strains
existing around the point of insertion of the leads, or provoked by pressures applied
to the leads, are sufficient to locally decrease the energy gaps. The specia lattice
structure of the baristors may explain why relatively low pressures can modify
the energy gaps.

We are now in a position to understand the behavior of baristors under
mechanical efforts. When submitted to relatively low uniform (hydraulic) pressures
there are practically no changes of dimension and no changes in energy gap occur.

If the applied efforts produce elastic deformations in some locations, there
will be variation of energy gap causing the resistance to vary; in this case as one
would expect the resistance resumes its former value after the removal of the efforts.
Permanent deformation is accompanied by a permanent modified resistance.

In brief, the variation of the resistance of baristors under mechanical
efforts is here explained as variation of R, equation 1, as the result of elastic de-
formations.

Temperature differences at A and B also modify the direction and value of
the current in the external circuit. Furthermore, if this difference of temperature
is high enough a current is obtained even without application of any external
voltage. Baristors are indeed very sensitive thermo-electric devices.

a

CONCLUSION

It is perhaps too early to discuss the possible uses of baristors although
some applications appear to be obvious. A considerable amount of measurement
and engineering work has yet to be done. The main difficulty to overcome is
concerning the precision of measurements. As it became apparent from the fore-
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going theory all contacts must be well defined and stable, otherwise reproducible
results are difficult to obtain.

The production of baristors of small dimensions is no more a problem
and they may be obtained at very low cost. At present, they arc made in the
form of buttons, beads (with 1, 2, 3 or 4 inserted leads) and tablets. In a near
future we hope to be able to obtain the baristors in any size or shape.

The author acknowledges the valuable assistance of Mr. C. J. Rezende
in the design and construction of many apparatus used in connection with this
research.
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DISCUSSION

COSTA RIBEIRO: Qual a maneira inais convenionto de 0 fazor a verifieaeao expe-
riniontal desta variacao do rosistoncia com a prossao aplicada, noso tipo do material?

BARBOSA: Tomos empregado varios processes, inclusivo bombas hidraulieas; mas,
quando usamos bombas hidraulieas com o matorial totalmente imorso nolfquido(oleo porexemplo),
€ com prossoos nao muito alias, pois nao dispomos oin nosso laboratorio do prossao superior
a 250 quilos por cm?, nao so podom vorificar variacoes do rosistoncia. Entilo e prociso doixar
uma das faces exposta.  Por exomplo, o material e cortado sob a forma do cubo e uma das faces
fica exposta a prossao atmosferica, por meio duma mombrana de borracha ou qualquer outro
recurso. Nessas condicoes, e faeil fazer as modidas, tondo-se urn manometro graduado, do ma-
noira que. as leituras so apresentam dirotamonto a comprossao exercida sobro o matorial. Quanto
aos aparolhos do modida, um simples ohmometro goralmonte da rosultados satisfatorios por-
quanto as variacoes sa0 muito nitidas. As resistencias dos baristores em alguns casos, como o
exemplar que tenho aqui, podem baixar do 5 megohms ou mais, ate a ordem do 150 ou 200 mil
ohms. Os baristores do ferro, por exemplo, tern resistencias muito baixas, 1 ohm ou menos
as quais sao tambem facilmente verificaveis em simples ohmomotros. Para resistfuicias muito
baixas sem diivida, 6 aconselhavel uma ponte.

COSTA RIBEIRO: Desgjo saber prineipalmente qual a ordem do grandeza da variacao
do prossao necessaria para produzir ossas variacoes do rosistoncia

BARBOSA: Essa ordem do grandeza e uma incognita, porquanto, em geral, as verifieacoes
sa0 feitas com oscilosc6pios e as prossoos sao obtidas por meio de vibradoros.  Entretanto, nas
modidas com a bomba hidraulica temos verificado quo prossoos at e 20 quilos por cm? permit em
variacoes tie milhares de ohms. Ila dificuldados tamb6m quando so oxerce comprossao com
a mno ou com dispositivos tais como balancas, porquanto a prossao unitaria vai depender da
area de contacto, que e de diffcil determinacao. Sao essas pequenas dificuldados que ainda
estamos procurando resolvor, sendo desenotar, tambem, que no caso dos somi-condutoros, 0 espe-
cialmente dos baristores, cuja sensibilidado e muito elevada, nao so devera osperar a obtencao
do modidas com a precisao que se obtem em motais.

COSTA RIBEIRO: Esses baristores em forma de pastilhas de sua autoria devem prestar-se
melhor a isso, nao?

BARBOSA: Sem duvida. Entrotanto, ha apenas 15 dias que conscguimos pela primeira
vez obter baristores em pastilhas.

COSTA RIBEIRO: O tratamento meeanico da superffcie como o polimento, por exemplo,
nao influi sobre as propriedades do material?

BARBOSA:  Prdpriamcnte nao influi, mas o tratamento termico influi acentuadamento.
Eu gostaria a€' de dizer, porque nao live realmente tempo do falir sobro tudo o que desejava,
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que o baristor aprcsenta uma propriedade muito importante: a partir de certo valor da tempera-
tura a resisteneia eal bruscamente a quase zero. Cai tan to que promove curto circuito violento
no gerador a que esfa ligado. Como se ve, ha serias dificuldades na realizacao das medidas.
Esta sendo tentado o omprfigo do baristor como "relay" tcrmico, porque a temperatura em que
ocorre o fenomeno e crftiea; pela elevaeao da temperatura, cm dado momento, parcce que o gas
eletronieo se torna degencrescente e o baristor se aproxima de urn metal, promovendo o curto
cireuito a que nos referimos.

POMPEIA:  Quando o baristor atinge a temperatura em que deixa de apresentar as
propriedades earaeterfstieas, voltando a temperatura normal ambiente, 6le re torna inteiramente
as condicoes anteriores?

BARBOSA: Sendo atingido o ponto de fusao, 0 material o decompoe dando lugar a
cobre e Cu, 0. Nao sendo atingido o ponto de fusao, a resisteneia volta novamente ao valor
primitivo; e por isso que poderemos emprega-lo como "relay" termico.

POMPEIA:  Quer dizer que nao s alteram as propriedades de baristores?

BARBOSA: A experiencia podera ser repotida tantas vezes quantas s queira. Pelo
menos assim aconteeeu todas as vezes cm que a realizamos.

GROSS: Gostaria de saber 1° a ordem de grandeza da condutividade ate a
temperatura normal ¢ 2.°: se o material e policristalino ou que tipo de estrutura possui ?

BARBOSA: Quanto a primeira pergunta, devo dizer que as eonstaritcs fisicas nao foram
ainda doterminadas, exatamente pel as dificuldades decorrentes da grande sensibilidade do
material, principalmente nos pontos de engastamento das hastes. Qualquer variagao de prcssao,
o proprio fato de se colocar a mao sobre o baristor, variacoes dc temperatura, modificam ime-
diatamente as condicoes de experiencia. Nao conheeemos realmente a condutividade c ae'
agora so temos medido resisteneias, pois nao conseguimos determinar o volume exato das pecas
e as areas de contacto, dada a maneira pela qual sao feitos os engastamentos das hastes. Com
os baristores em forma de pastilha, ficara resolvido o problema, porquanto as formas regularcs
facilitarao a determinacao da condutividade. Quanto a segunda parte, devo declarar que,
por enquanto dispomos apenaa de miero-fotografias do material e por essss miero-fotografias
nao se pode avaliar exatamente qual a textura. Contudo essss micro-fotografias parecem in-
dicar que o material contem solucocs solidas intersticiais de cobre e Cu, O. A estrutura definitiva
do material somentc sera eonhecida mediante o exame pelos Raios-X. O comportamento ele-
trico dos baristores levou-nos a arquitetar a teoria quo apresentamos.

GROSS: NO caso de haver uma estrutura polieristalina poder-se-ia pelo menos pensar
na possibilidade da grande sensibilidade ser provocada pelas resistencias entre os graos?

BARBOSA: Nilo creio (me sgja cste 0 caso, porquanto a resisteneia volta muito nor-
malmente ao valor primitivo, desde que se tomem cuidados cspeciais. Alem disso, ha diversas
correlacoes com outros semi-condutores (variaeao da resisteneia com temperatura e com as
correntes el6trieas, etc.) mostrando-nos que a estrutura devera ser mais Ou menos Como pro-
curamos estabelecer. Em todo caso, tudo isto sao hi pentosss, pois o material nao esta ainda
completamenfe estudado. As pesquisas sao relativamente recentes e e possivel que ainda che-
guemos a conclusoes diferentes. Mas, ainda a respeito das suas observacoes, devo declarar que,
nao me foi possfvel, por falta de tempo, desenvolver completamcnte o assunto. Pcco-lhe por-
tanto a gentileza de reportar-se ao trabalho completo onde apresentamos uma eonfirmacao
desa teoria, obtida por meios indiretos.

ARRUOA: Em relacao a primeira fotografia do oscilograma apresentado, eu queria chamar
cspecialmente a ateneao para o fato, que se verifica dc nao se iniciar a descarga para a qual a
corrente cresce sem controle, na condicao de uma tensao mfnima bom definida, como no caso
da ionizagao de um gas. Aeontece que, na descarga de gases, confoime a condicao de ionizacao,
uma curva exatamente identica aquela mostrada foi verificada. Normalmente a descarga
do gas se inicia a um certo potenciai de ionizacao, cresce sem controle e depois volta, mas nao
com uma curva exatamente! do tipo mostrado. Quando, cntretanto, as correntes seo relativamente
grandes, a curva nao parte mais do mesmo ponto da abcissa e a ionizacao aprcsenta curvas do
tipo mostrado pelo Prof. Barbosa para o gas neon ou outro gas rarefeito. A caraeterfstica de
disparar a corrente sem controle, apresenta curvas exatamente dessa mesma natureza.

GALLONI: LOS ingenieros elasticos utilizam para rnedir tensiones en las construcciones
0 en los modelos la variacidn dc resisteneia de um pequcno alambrecito. Ahora, quisiera saber
que' tamano tienen estas pastillas que podrfan ser muy utiles para medir esss tensiones.
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BARBOSA: Perfeitamente. As pastilhas podem ser construidas, no momento, ate meio
centimetro de diametro, mas contamos no futuro obte-las cm dimensoes quaisquer. Para me-
didas dos esforcos nos materials, talvez seja possfvel formar o baristor na propria peca a ser es-
tudada, ou entao liga-lo como V. S. se refere.

COSTA RIBEIRO: Podcria nos dar urn eselarecimento sobre 0 proeesso de obtenyao
dosses materials?

BARBOSA: Temos obtido ese material em chamas de alta frequencia Quando
usam frequencias e tensoes muito elevadas, a descarga se processa de modo diferente do usual,
no sentido de que o arco formado apresenta sémente a chama e nao o dardo comum as descargas
intensivas. Esta chama parecc ser altamente redutora, e pode ser dirigida sobre o material a
ser fundido, colocado por exemplo, dentro de urn cadinho. Esta chama tern temperatura
muito clevada, temperatura que tambtfm nao posso dizer qual sgja porquanto 6 superior ao
limite dos instrumcntos de que dispomos. Funde-sc facilmente o tungstenio, tudo nos levando
a crer que a elovayao da temperatura resulte de bombardeio eletr6nico.

SALA: Queria saber s existe algum atraso ou s e imediatamente que volta o baristor,
a situacao normal, vamos dizer, quando se retira a pressao.

BARBOSA: Pareco que volta imediatamente, porquanto temos construfdo "pick-up"
fonograficos que reproduzem a musiea razoavelmente. E claro que a volta da resistCncia ao
valor primitivo, sonicate ocorre quando nao sgja excedido o limite de elasticidadc do
material.
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A teoria modcrna (HARNED & OWEN, 1950) dos eletrolitos fortes baseia-se
na hipotcse de que sua interacao €' devida somente aos campos eletrostdticos
dos lons, que se apresentam como esferas carregadas, rigidas, em um meio con-
tfnuo. A teoria corresponde satisfatdriamente aos dados experimentais para
grande variedade de eletrolitos do tipo 1-1, mas e inadequada nos casos de grandes
ions multiplamente carregados, em relacao a polieletrolitos (Fuoss, 1951) e a
coloides (VERWEY & OVERREEK, 1948), por exemplo, um modelo muito mais
complexo deve s evidentemente usado, e mesmo para eletrolitos inorganicos
nao simetricos, tal teoria so pode prever, no maximo, as tangentes limites.

O objetivo deste trabalho e rever estudo rccente sobre eletrolitos bola-
formes (Fuoss & EDELSON, 1951); sao dies eletrolitos nos quais pelo menos dois
pontos carregados estao ligados por atomos neutros, como nos eationtes de sais
bi-quaterndrios do tipo:

Br' [Meg NT (CH), NT Mey| By, (1

Sais de acidos dicarboxilicos contem aniontes bolaformes. Esperamos que este
trabalho sgja litil no desenvolvimento de uma teoria eletrolitica mais geral: iontes
carregados multiplamente, como calcio, lantanio e torio, podem ser considerados
como o limite de eletrolitos bolaformes dos tipos 2-1, 3-1 e 4-1 ao tender para
zero o comprimento da cadela em estruturas do tipo:

(.4 +oo ) )

Polieletrolitos em cadeia constituem um limite dos eletrolitos bolaformes, quando
o0 comprimento da cadeia e o numero de pontos carregados aumentam; eletrdlitos
coloidais compactos representam outro limite superior quando carga, densidade
e tamanho aumentam simultaneamente. Alguns dados de condutibilidade e
viscosidade para diversos eletrolitos bolaformes dos tipos 2-1, 1-2 e 2-2 sergo
apresentados aqui, em conjunto com alguns comentarios sobre sua possivel inter-
pretacao. O piano geral do trabalho de pesquisa e sintetizar-se e estudar-se
elctr6litos bolaformes de estrutura conhecida, a fim de se tentar as extrapolates
acima propostas.

Um sa quaterndrio tipico e formado pela adicao de brometo de metil
a metil-dietanol-amina.  Sua curva de condutibilidade e representada na figura
1 em circulos semicheios; alinhareta €' a tangente tetfrica de Onsager. Observa-se
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gue a curva se aproxima da tangente por baixo, indicando a formacao de pares
de ions (associacao) (Fuoss, 1935).

125 Af+ BT &5 AR
\ quando a concentracao au-
3 ““\ menta. (Deve-se acentuar que
0 simbolo AB nao representa
‘:., m\tﬁ‘ agui um composto co-valente;
| \\ os iontes componentes A'e B
--—-__N__"""'v-w;.-_::t_ M conservam suas identidades
” T o] em AB, isto e, nao ha trans-
e ferenciade electrons). A estru-
. T g et 5 =s tura 6 considerada estavel a

g . .
B 1. Condhtililidewle e mwetancl; O, F, [HE (CH)], impactos termieos somente

N ey Hr; O, 1L 1CH, €O, CHLY), N Moy B 0, 111, quando o potencial de
AT, 0 CRUC0L (G SN e Coulomb egrande comparado
a KT. Se cobrimos os grupos
hidroxilos no cationte de | por acetilacao, forma-se um eletrolito Il considera-
velmente mais forte, como se verifica pelo fato de a curva de eondutibilidade
se aproximar muito mais da tangente limite. Evidentemente, a atracao entre
os dipolos (positivos na patam externa) do cationte do sal | e o ionte brometo
gjuda a estabilizar o par de iontes de I. No sa I, com um cationte; forte-
mente protegido, a associacap €* praticamente insignificante em metanol.
Considcremos a seguir um eletrolito bolaforme do tipo 2-1

Brt [ Moy N (CHYy €Oy (CH )y €O, (CH N M,-s] B I0E

em cujo cationte os dois atomos de
nitrogenio carregados positivamente
sa0 ligados por dez atomos neutros. A
interacao eletrostatica entre um ionte
brometo e qualquer das extremidades
do cationte nao pode diferir muito da
interacao entre 0 mesmo ionte e qual-
guer dos dois cationtes nos sais | e | | ;
todavia, observamos na figura | uma
associaca0 muito maior no caso do
sal |Il. Duas razoes podem ser apre-

scntadas para ese fato: primeiramentc, .

um anionte sente, a umadistanciaregu-

lar do cationte 111, a forca de duas N [~
cargas positivas; segundo, uma vez que \\

ha dois possivels aniontes e cada um -

deles pode assumir duas posicoes no 5 P ]

cationte, seria de se esperar, cm bases Fig. 2. Condutibilidade em metansl: O, C8.

puramente estatisticas, que a primeira  #r; 0, (A —15) para €3. 1y; 0, €4. I5; 0,
d . dosa 111f (A 410} para C5.1, )
constante de associacao do 65 1. Am. Chem. Sor. 73, 50 (1061}, Fig. 2.
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quatro vezes maior do que a constante de urn eletrolito do tipo 1-1 do mesmo
tamanho.

Na figura 2 sao apresentadas curvas do condutibilidade do varios sais
(Fuoss & CHU, 1951) da formula gera

X [ Moy N* (CH), NT Mey ] X! (1)

em metanol a 25°. As tangentes limites sa0 representadas pelas linhas intcrrom-
pidas. Assinalamos ainda uma vez que todas as curvas so acham muito abaixo
das tangentes limites nas concentracoes que estamos empregando, e concluimos
que esta ocorrendo consideravel associaeilo. (Para abreviar a anotacao, desig-
narcmos os sais de estrutura (1) por 03, etc.),

Oevemos mencionar aqui que tais curvas de condutibilidade (e outras
semel hantes) podem enganar a primeiravista, pois e possivel aproximar-se os dados
nas concentrates mais baixas por linhas retas na figura 2. A teoria pede uma
relacao linear entre A4 ¢ ¢ em concentra(;0es baixas, e alguns pesquisadorcs tern
usado entao, cegamente, as curvas pseudolineares para extrapolaeao para Ao,
a despeito de as tangentes serem muito mais inclinadas do que as exigidas pela
teoria; valores de Ay obtidos por tal proeesso sao evidentemente altos demais.
Na verdade, a curva de condutibilidade coincide com a tangente teoriea a con-
centracao zero. Em concentrates mais elevadas, a associacao dos lontes comeca
a tornar-se significante lontes em pares nao contribuem mais para a condutibi-
lidade. A curva teoriea de associacap e concava no esso de concentracoes ainda
mais elevadas e aregiao pseudo-linear e meramente devida a presenca de um ponto
de inflexao na curva teoriea completa (Fuoss, 1935).

A fim de se fazer uma comparacao quantitativa dos eletrolitos represen-
tados nas figuras 1 e 2, 6 necessario desenvolver-se um metodo para se obter os
parametros descritivos dos dados.

Dois equilibrios de associacap sap possiveis:
A4 BT s ABY 2
ABY + A" A, B 3
Um anionte pode associar-se a qualquer extremidade do cationte bolaforme (2);
em seguida cm concentracoes mais elevadas, outro anionte pode ligar-se a outra

extremidade da cadcia (3). (Incidentaimente, ealeulos baseados na hipotese
de associacao simultanea de dois aniontes

24"+ Bt < AR

nao puderam reproduzir os dados. Em outras palavras, necessitamos da condu-
tibilidade da especie cationtica AB*, carrcgada por uma unica carga, a fim de
reproduzir os dados experimentais). Se escrevermos as equaeoes da acao da massa
para os equilibrios de associacao, teremos:

Fa (8] s fs 7 {ABF ] o = K o
(4 ][4 ) fads /(A2 Blduss = R (8)

Ir
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As grandezas entre colchetes referem-se as concentrates molares, 0s
f sa0 o0s coeficientes do atividade correspondentes, e 0s k sa as constant es de
associaean  rociprocas. A condutibilidade €' dada por

A=Zy(-an )

ondc Y,e* a fracao do sohivcl presente na espfoiej (aqui, A, AB* e B ), , e* a
condutibilidadelimitedoiontej isolado, cAA,eodecrecimo cm mobilidadodcvido
a interaeao eletrostatica a grandc distancia ontre fontes livres. Em principio,
substituindo-se (4) ¢ (5) em (6) obteremos

A=P‘(A0!klsk2:c)' (7}

Entao a substituicao em (7) de valorcs A ec medidos possibilita o calculo das
constantes. Na pratica, 0 processo nao e tao simples, devido a forma complexa
das equates. E possivel, entretanto, obter-se solugao das equacoes por meios
graficos (Fuoss & EDELSON, 1951; Fuoss & CHU, 1951; SACKS & Fuoss, em impr.).
Para os eletrolitos das figuras 1 ¢ 2, o calculo mostraque o equilibrio (3) € despre-
zivel (isto 6, nao ha cachos neutros A,B nas concentracoes consideradas; apro-
ximando, portanto, teremos ki = . Os valorcs de Ag e k; s20 apresentados na
Tabela | para nossos eletrolitos bolaformes, em conjunto com os de varios outros
eletrolitos comuns, (MEAD, HUGHES & HARTLEY, 1933; DAWSON & KEELEY,
19313, (No sal [-1, a dltimn coluna d4 naluralmente n constante parn o oqui-
Bhrie A’ + O 5 A,

Tankra T

Constantes pure elelrdlitos em metanof,

HAL T Ay &y
Mee X Brooooo00 o 1—1 1253 0,033
3B 2.1 133,1 0,0010,
on 1y 2 3 1413 0.000%,
PO 2 142.1 00010,
5. 1 2--1 140,1 0,001,
Bal H{ 2--1 121, 0,00:45
My Ol 2—1 T4 0.0005

O brometo de tetrametilamonio (MEAD, HUGHES & HARTEY, 1933)
e urn elctrolito normal e pode ser tornado como substantia de referenda; todos
os eletrolitos bolaformes da Tabela | tem grupos terminals Mc; N* e assim a
menor distancia a que pode chegar um anionte e, com toda a probabilidade, quase
a mesma tanto para ges como para o cationte MeysN*.  Seria de se esperar entao,
em bases estatisticas, que nos eletrolitos bolaformes k, fose a quarta parte de
0,033 ou sga0,008. Nosal I 1 enosa C3, k; e, respectivamente, 0,0045 e 0,0010;
em outras palavras, a presenca da segunda carga aumenta a associaeao (k; menor)
e guanto menor se torna a cadeia, maior e a associacao. Tal resultado e esperado
com base na atracao eletrostatica da carga dupla (BJERRUM, 1923). Uraa compa-
racao entre os sais de tri—, tetra- e penta-metileno mostra que para peguenos
valores de n, o valor de k, aumenta menos rapidamente do que n, numero dos
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dtomos entre as cargas; dste resultado sugere que o cacho (—~) (4-...4) tende
a enroscar-se quando n e menor, devido a atraeao entre as duas cargas e o anionte.
Para valores maiores de n (p. ex. Sal 111), a perda de entropia quando se fecha
a cadeia excede 0 ganho de energia na energia livreifa ¥ = AH — T"a &), e confi-
gurates mais alongadas tornam-se muito provaveis (k, maior). Em cadeas
muito longas com grupos terminals Me; Nt esperamos que k, seja quase igual
a 0,008, o limite estatistico.

Em cloreto de magn&io (DAWSON & KEELEY, 1951), duas cargas estao
concentradas em urn linico atomo; encontramos (SACKS & Fuoss, em impr.),
igualmente, que k, atinge apenas 0,0005. £ste valor parece constituir urn |i-
miterazoavel, se extrapolarmosdo Sal | | | (onde n = 10) atravesdo sal C3 (n = 3)

(O ae n = 0. (Havcra'® naturalmente
alguma corre<;ap em virtude da dife-
rencji entre cloreto e brometo como

o.8 “ fonte contrario). limadiferengamar-
\ can te entre MgCl, e os outros sais

do tipo 2- 1 da Tabela 1 deve ser

\ . mencionada. Podemos supor nestes

0.6 | liltimos, que kx = oo, isto e, formacao

\M " \ insignificante de cachos rieutros A, H.
G

No cloreto de magnesio, entretanto,

0.4 esta aproximagfio nao pode de modo

algum explicar a condutibilidade

\ observada. Pelo metodo de aproxima-

0.2 yflcs sucessivas achamos Kj, = 0,0004
MsC* = .

[ CL para 0 meneionado sal. As concen-

z trates relativas das varias espdees

o.ow % oums 19 15 bresentes nas solucoes de cloreto de

o magnesio em metanol estao represen-
¥t apiies o siowts o et a0, 18025 1 figura 3. Obsnvase que

grupos MgCl, comecam a formar-se
muito depressa quando a concentrayao se torna urn pouco maior do que zero.
Conforme ja mencionamos, nos eletrolitos bolaformes, grupos ABA s insigni-
ficantes acima destas concentrates.

Quando a concentragao (ou mais precisamente, a densidade das cargas)
vai aumentando, torna-se mais provavel a associayao em cachos maiores (Fuoss
& KRAUSS, 1933) sob a influencia de forcas eletrostiticas. Da mesma maneira,
aumentando a carga, aumenta a associacan. Se consideramos eletrolitos bola-
formes do tipo 2-2, como succinates e adipatos de sais bi-quaternarios, a asso-
ciacao inicial pode conduzir a duas configurates possiveis. uma forma ciclica

+ ...+
(* 1) ®
e uma estrutura em cadeia

+ .... ¥){—....-) 9)

Pode-se conceber facilmente o desenvolvimento desta ultima mi macadeiacom mui-
tasligayoes. Seriadificil decidir-se entre as estruturas (8) e (9) com base somente
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cm dados de condutibilidade, mas as medidas de viscosidade (GOLDBERG & Fuoss,
em impr.) dao alguma informacao independente.

Em geral, a presenca do urn eletrolito cm solvente dc viscosidade ng
da uma solucao de maior viscosidade n. 0 aumento fraeionario on viscosidade
experifien oL

i} -2

ey = (n — "D)/‘M . MeOH . %9'25
e constituido por diversos ter- gg /
mos. Um deles e devido a forcas > /23-25
atuando entre iontes muito sepa # /,
rados (HARNED & OWEN, 1950; 0a )
FALKENHAGEN & DOLE, 1920; @
FALKENHAGEN & VERNON, 1932 I} -
ONSAGER & Fuoss, 1932); 6 pro- 92 -
porcional a raiz quadrada da . 2yl
conecntraciio. Na figura 4 temos ’_’_".:'—’ S
a5 gnantidule r;,,,/\/? como fun- [ 0.2 (=] G

vdo tle \/T PRIR UmA variedade Fig. 4, Viseosicde dow eletrdlites em metanol: 1-2,,
. neliple cle telvabuatilamdnio; 2,—2,, adipate de di-(td
de gletrohtos em metanol; y e mud ilamdttic)nonatee; 2—2y, adipnto de di-(trimenib-
aqui a concentraca0 molar. manickpropuns; 2,~1, dilremeto e di-firimetilamo-
Ver-se-a que os dados podem ser nigknonane; 1—1, beomete de {etrabulibandinie: 2; -1,
. ditwometo de di-((rimetilamdnioa)-propano,
representados por linhas retas,
resiltando que s gquantidude (g,, — A V4 )y ¢ uma constante. O Wmo 4 vy
é o térmo cletrostdtico no aumento du viscosidade, Se mudarmos para con-
eentraglos de mass, portanto,

= (‘?«p — A \/')’)‘/r

e uma eonstante para um dado sa e represents a contribuicao do volume das
particulas do soluvel para aviscosidade. Quanto a particulas effeVicas, EINSTEIN
(1906, 1911) demonstrou que z = 2.5v, em que v € 0 volume especifico do soluvel.
Na Tabela Il sao dados os valores de z para os sais da figura 4, tanto em metanol
como em etanol.

Tanera LI

Coplivientes # pars o5 sads

METANCL
e N '3 L51]
Broo .. ... 23 2,0 3,2
A e 50 83
KTANOL
Bro .o 37 34 4,2
Ad. 57 i 87 73
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Exceto para os dois sais, brometo de totrabutilamdnio e dibrometo de I,3-di-(tri-
metilamonio)-propano em metanol, todos os valores do z sao superiores a 2,5.
Conhecem-se dois casos cm que o coeficicnte hidrodinamico emz = fte superior
a 2,5: elipsoides (SIMHA, 1940) e cadeias flexfveis (FLORY & Fox JR., 1951). Em
um elipsoide de rotaeao, com relacao axial igual a 5, o valor de fte* 5,8; em um
polimero em eadeia de peso molecular 10.000, tte* aproximadamente 10. (Es-
tamos supondo que o volume especfico e* igual a aproximadamente unidade). Por
conscguinte, a associaca0 em eadela dos eletrolitos bi-bolaformes nao e excluida
pelos valores dos coefieientes da Tabela |1. Mas os sais dos tipos 1-2 e 2-1
(por exemplo, adipato de di-(tetrabutil-amonio) e os sais C3 e C9) nao sO uUs
cetfveis de formar cadeias ja que um lonte e monofuneional no sentido de polimc-
rizaSao, e ambos 0s sais 2-2 e 0s 12 e 2-1 tern coefieientes mais on menos do
mesmo valor. Os moddlos dosliltimos €4} ( —...—){4) e (=) (+... 43 {-)
s0 elipsoidais, concluimos, portanto, em favor da associacao clclica (8) nos com-
postos bi-bolaformes. 0 padrao uniforme de aditividade nos coefieientes da Tabela
Il tnmbein reguer a estrutura (8).
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B, a cuyo extremo inferior esta soldada
la valvula quo ajusta sobre el asiento
esmerilado en la pipa; lo que permite
cargar la solution impidiendo su derrame,
ante de iniciar la exposieion. Usando nu
juego de micropipas ud construido, so
puede trabajar con un volumen de
liquido de unos 5 cm. cubicos. Si el
volumen de solucion disponible es menor,
puede sustituirse una de las pipas, por €
eectrodo seco de la figura 3, construido
de la siguionte manera: a una masa M
de cob re, se fija a cono € electrodo O;
esta masa M puede ser sustituida por un
recipiente del mismo metal, con entrada
y salida de agua para enfriamiento. Al
extremo del cuello metalico va fijo el
conductor C, y tambien el tubo de cobre

T a que se gjusta la varilla de vidrio que se fija a soporte de electrodos.
Cuando se emplee este dispositivo, no debe esperarse un funcionamiento muy

regular del arco de llama, pues el liquido crepita.

Las figuras 4 y 5, son cortes longitudi-
naes de los terminates metalieos usados. El de
la figura 4, se emplea cuando se dispone de
suficiente canlitad de solucion; el otro se utiliza
en las mieropipas.

El porta electrodo B, tormina en cono
para poderlo ajustar a vaso V, en los dos mode-
los. VA electrodo A, de lafigura4 esde 5 mm. de
diametro y de unos 60 mm. de longitud, y ha
sido rebagjado y roscado con paso fino, para
poderlo fijai- a soporte B, de manera que el
liquido que se dedliza por el espacio E, moje €l
extremo del electrodo y caiga gota a gota. Al
tornillo H, se le ha limado una superficie plana
que permite el paso del liquido; la tuerca T fija
sdlidamente el conjunto y es indispensable cuando
se desea mantenor constants la distancia entre los
electrodos, pues los continuos lavados con solu-
ciones acidas, desgastnn € tornillo R, y e paso
de rosea del porta electrodo.

Kn el modelo de lafigura 5, se fijael electrodo ala camisa B, por medio
delacuria Ry puede ser utilizado el mismo electrodo A, gastado por uso, haciondo
nuevos agujeros en €. Como conviene que el espacio nocivo N, sea lo menor
posible por la hurbuja de aire que algunas voces queda al llenar la micropipa, se
reduce estc tamano prolongando el electrodo como se indicaen lafigura, o llenando
el espacio N con algodon de vidrio. Se puede tambien sustituir la cuna R, por un
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tornillo roscado, alacamisa B, parafijar el electrodo A, y hacer el contacto sobre
otrotornillo, o sobre un collarln del mismo material que gjuste €l asticamente sobre
lacamisaB; en €l primer caso rapidamente se gastael paso de roseade los tornillos
sobre la camisay en el segundo caso el contacto electrico es defectuoso, sobre todo
cuando se trabaja con
agua destilada o solucio-
nes muy diluidas y por
ee motivo, el arco de
Ilama no funcionaregular-
mente. El espacio E. es
de mas 0 menos 0,5 mm., pero sutamano no tiene mayor importancia por
poderse regular la salida del liquido, modificando la position del embudo.

Cuando no intorese mayormente la regularidad del foco luminosoy por lo
tanto la distancia entre los electrodos, se puede emplear el modelo de la figura 1,
donde la construccion del electrodo se simplifica; el cilindru metalico A, sedesliza
por el interior de la camisa B, y se fija su posicion doblando el conductor C, sobre
el bordc de la pipa o del embudo. Regulando convenientemento ladistanciaentre
electrodos, la que puede variar entre 0,5y 2 mm. segun la concentration de la
solucion que se quiere estudiar, y latension conectadaalos electrodos; y rcgulando
lavelocidad de salidadel liquido, se puede conseguir que el arco de |lama funcione
muy regularmente y evitar que el liquido crepite y se pierda en parte por este
motivo. En estas condieiones, el dispositive.) puede funcionar durante un tiempo
muy largo, salvo los pequenos intervalos necesarios para recargar las pipas. El
mimero de gotas que caen por minuto en cada electrodo varia entre 80 y 120, y
el volumen total de solucion que se derramapor horaesde 1 litro aproximadamente.
Cuando se utilize por primera vez un juego de electrodos, conviene para obtener
rapidamente constancia en el arco de Ilama, hacer un pequefio piano en la parte
inferior de la punta de cada electrodo, y esperar unos minutos ante de iniciar la
exposition, para que el paso de la corriente produzca sobre cada electrodo el crater.
Conviene hacer presente que es indispensable para que el arco funcione regular-
mente y para conseguir la maxima sensibilidad, que la gota se deslice por la parte
inferior del electrodoy Illegue a bordedel crater ,inclinando loselectrodosde manera
gueestacondition secumpla.

Fig. 4

ELECTRODOS UTILIZADOS

Los electrodos utilizados fueron de Fe, Ag, Cu, Pt, o Ni, segiin conviniera,
dada la longitud de onda de la linea ultima del elemento disuelto que se deseaba
determinar. Los electrodos de hierro se utilizaron para obtener las placas patrones
y de los otros, los mas enipleados fueron los de Cu, por ser facil conseguir cobre
relativamente puro, y toner este elemento un espectro poco complicado. En casos
especiaes hemos utilizados electrodos de carbon o grafito, y camisa porta electrodo-
de platino. Ladificultad en este caso, es el gran desgaste de los electrodos en el
arco de llama, el gran espectro de fondo y en muchos casos, sus impurezas son difi-
cultades insalvables.
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Los espcotros propios do los electrodos los hemos obtenido siempre,
con arco de llama, oiroulando por las pipas agua tridestiladas; y nos han servido
en todos los casos eomo espectros do
comparacion.

En lafigura G se reproduce
fotograficamente el soporte de electro-
dos discnado para ajustar facilmente
el foco luminoso.

Sobro la cremallera C, esta

solidamente fija la chapa metalica M,
a la que se ha fresado, paralclamonte
a su borde anterior, una ranura, por Fig. 5
dondc pucden correr las piezas D, que
llevan soldados los soportes tubulares B, que pueden ser gustados a la
chapa M, con tornillos de mariposa. La distancia entre electrodos se hace
moviendo las piezas D y € ajuste final de esta separation se hace con €
tornillo 0, de paso fino. Los brazos P, tienen en su extremo un collarin elastico
donde se fijan los tubos normalmente soldados a los cuerpos de las pipas, lo que
permite inclinar los electrodos
metalicos, para que la solucién
{ llegue a borde del crater de los
d electrodos.
Para poder regular la
d nitura de los electrodos y dispo-
Y nerlos en un mismo piano, los
brazos P corren y giran en los
= soportes tubulares B. El tornillo
i T, que actiia sobre el pinon'de la
cremallera, gusta finamente en
alturael arco dellama, y los otros
tornillos inferiores del soporte,
centran laimagen, haciendo girar
sobre su ge todo el soporte. Para
1 poder lavar facilmente las pipas
con solution diluida de HCI,
entre dos expectrogramas hemos
construido un soporte montado
sobre el riel del expectrografo,
girable y con 'cremallera, sobre el quo so coloca el recipientc con la solution
caliente de lav ado, que permite al levari tarse sumergir los electrodos metalicos, y
recoger la solution de lavado y el agua destilada a onjuagarse las pipas.

LAS SOLUCIONES

Fig. 6

Las soluciones fueron preparadas, casi siempre con elementos a estado
de cloruros en agua tridestilada, y los aparatos destiladores se construyeron total-
ment e con vidrio pyrex, alos que se sometio previamente, a continuados lavados con
soluciones acidas. Los reactivos quimicos utilizados, fueron estudiados por via
espectral previamente.
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Para preparar las soluciones dc muestras animates 0 vegetalcs, hemos
dcstruido la materia organica, ya sea utilizando el metodo quimico, o rednciendo
lamuestrainicial aceniza. En el primer easo se trato la muestraeon acido nitrico
y perclorico; evaporando a sequedad, y disolviendo luego en agua; cuando se
utiliza este metodo debe procederse con mucho cuidado, por el riesgo que significa
el empleo del Acido pereltfrico.

LOS ESPETROGRAMAS Y EL METODO DE EXCITACION

Los espectrogramas que se publican han sido logrados utilizando tres
espeetografos. El primero construido por la casa Zeiss, con tres prismas de vidrio
y camara de 84 cm. de distancia focal; los otros dos construidos por la casa Hilger,
am bos con optica de euarzo, el primero con camara de 60 cm. de distancia focal,
y €l segundo, el gran modelo auto-colimador; iluminando siempre con una lupa
condensadora y otra cilindrica.

El metodo de excitacion, para muestras liquidas fue siempre el de arco de
Ilama, y cuando se estudiaron muestras organicas reducidas a cenizas ,& utilizo
el arco cortado de corriente continua.

El arco de llama lo obtuvimos conectando directamente los terminales
del secundario del transformador a los electrodos, por cuyo rnotivo, a producirse
este, la tension cae enormemente.

Los dos transformadores utilizados, fueron ilonados por la Compania
CADE al Tnstitutode Fisica. El primeroesde 15KV A con tension de entrada de
220 V, y tension de salida de 4.000 V. El otrode 20 KV A, tensi6én de entrada de
220 V, y construido con bobinas secundarias multiples, de manera que, segun
como se la conecte, puede dar, por etapas iguales de 1.500 V, tensiones entre
este valor y 12.000 V.

En adelante, para definir las earaeteristicas del arco de Ilama, daremos la
tension, en el secundario del transformador en circuito abicrto y la intensidad
que circula por los electrodos, funcionando €l arco de llama. Las placas utilizadas
fueron gencralmente, las que se emplean para uso fotografico eomun, tipo |1P3,
fabricadas por IIfond; para las zonas infrarrojas y en alguna oportunidad para las
zonas ultravioletas, placas especides de Eastman Kodak.

Los negativos logrados en todos los casos son sumamontc hitidos, y en
general con nada o con muy poco espectro de fondo.

En lafigura 7, el espectrograma superior, corresponde a una solucion en
agua, de concentracion 1 gramo por litro de ceniza de sangre humana; arco de
llama 12.000 V; 1 = 3Amp; T = 5m; placallL de Kodak; electrodos de Cu.
El espectrograma inferior se registro, utilizando arco cortado de corriente continua
de 8 Amp.; utilizando 10 miligramos de la misma ceniza y exponiendo hasta
su consumo total, en un electrodo tubular fabricado con el mismo cobre, que el
empleado en el arco de llama.

En los dos espectrogramas aparecen nitidamente las lineas ultimas de:
Na, Li, K, Rby otras de menor intensidad de Cay Fe.
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Comparando los dos espectrogramas obtenidos, se pucde observar que
algunas lineas, quo por cierto puedon ser reforzadas mucho, aumentado la concen-
tration de la solucion, son menos intensas en el espectrograma obtenido con el
arco de llama que en otro, pero el espectro de fondo que no puede ser evitado uti-
lizando el arco cortado, praticamente no existe en el otro espectrograma.

Por otra parte, conviene destacar que para obtener el espectrograma con
arco cortado, se gastaron totalmente los 10 miligramos de ceniza, que es la quinta
parte de la cantitad contcnida en los 50 cm. cubieos de solucion, que se utilizaron
en e arco de llama, y que con este volumen se pueden obtener un numero grande
deregistros, sin variar senaiblementelaintensidad delaslineas; con solo completar,
despues de cada registro, € volumen residual con agua tridestilada, 1o que no
produce sensible modificacion dela concentracion, por ser muy pequeno el consumo
espectral como veremos mas adelante.

La figura 8 eorresponde a un registro de dos espectrogramas, obtenidos
con ranura de contacto, y para ambos; arco de llama 0.000 V; / = 6 Amp.;
T =5m.; placa W de Lodak; electrodo de Cu; espectrografo Zeiss.

El espectrograma superior eorresponde a unasolucion de CINa purisimo,
de concentracion 1 gramo por litro. El espectrograma inferior eorresponde ala
mismasolucion, alaque se agrego, 0,2 miligramos de cloruros de Li, liby Cs. Las
lineas ultimas de estos tres elementos, gparecen entonces nitidamente y, por com-
paracion, se verifica que el CINa purisimo no tiene Cs, pero si vestigios de Li y
Rb, que no seindican en latabla de certificacion de impurezas del CINa.

~ 2417 .37
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Se estudiaron en las mismas condiciones, 6 muestras de CINa purisimo de
las cuales, en 4 aparecieron como impurezas Li y Kb y en ninguna de €llas Cs.

La figura 9 corresponde a un espectrograma de una solucion en agua de
Ge, de una concentration de 25 miligramos por litro: arco de llama 12.000 V;
1=3Amp.; T= 10m; placa HP3 de |Iford dectrodo de Cu; espectrografo me-
diano de Hilger.

La nitidez de este espectrograma es sorprendente:  se destacan nftida-
-mente las lineas de Cu'y Ce, y tiene muy poco espectro de fondo.
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Fig. 10

Lafigura 10 corresponde alos espectrogramas de 10 muestras de minerales
argentinos, estudiado con €l proposito de investigar Ge — arco dellama 12.000 V;
7=3Amp.; T= 10m; placa HP3 de lIford electrodo de Cu; espectrografo
gran modelo autocolimador de Hilger.

El espectrograma superior corresponde a los elcctrodos de Cu, corriendo
por laspipas aguatridestilada. Los otros espectrogramas, son losdelas 10 muestras
estudiadas, y por estos se comprueba la presencia de este elemento en las niimero
10 — 6 — 5 — 3y 2. El espectrograma es muy nftido y no tiene ningun espectro
de fondo.

El quadro de valores siguientes, da las concentraciones mfnimas (en cierto
modo la sensibilidad del metodo S) que hemos podido registrar para los elementos
que en el figuran, disueltos a estado de cloruro en agua tridestilada, utlizando
el espectrografo Zeiss, arco de llamade 12.000 V; 7 = 3 Amp.
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KLEMENTO TIEMPD { EX PLACA RENAIRITAD AT
MINUTOS
4554,0 ] "3 g *
3933,7 3 HI'3 m-n
42544 8 HI'3 mn-*
B521,1 10 i n-*
764,59 10 i -
R70.8 1 HP3 1 -=
4030,7 8 HI" -
TROM, 2 1 1L {til
46073 3 He3 10-°
53505 5 Hrs [
43792 b ey 14-7

CONSUMO ESPECTRAL

Definimos como consumo espectral, la cantitad de elcmonto, que estando
en una muestra dada, con eierta concentracion, se pierde para obtoncr el registro
fotografico do su linea ultima, utilizando cierta placa, eon un espectrografo dado,
y con determinado metodo de exeitaeion.

Hecha la experiencia con Li, en una solucion de concentracion, 2 miligra-
mos por litro, para la Ifnea 6707 A, utilizando placa HP3, espectrografo Zeiss;
arco de Illama 12.000 V,| = 3 Amp.; el consumo espectral determinado, expre-
sado en miligramos es inferior a 10° (ISNARDI, 1950).

EXPERIENCES CUANTITATIVAS PRELIMINARES

Al realizar una analisis espectral, interesa la sensibilidad del metodo
elegido; pero no es menosimportante, el facil manejo del dispositivo experimental.
Se justifica asi, la construccion esmerada del soporte porta electrodos ilustrado
en lafigura 6, que permite comodainente, centrar, levantar, girar, inclinar, variar
la velocidad de derranie, regular las distancias entre ekn'trodos etc.; y tambicn
se justifica la rigida construccion de los terminales metalicos para asegurar la
distancia entre olios.

El estudio espectral cuantitativo, de una muestra cualquiera se simplifica,
cuando se pueden obtencr de esa muestra, registros fotograficos iguales para tiempos
igualcs.

Con este proposito hemos realizado algunas experiencias previas, para
estudiar el comportamiento de nuestro metodo, modilicando las condiciones en
que se produce €l arco dc; Ilama, variando la concentracion de la solucirin, la tension
conectada, la distancia entre electrodos y la velocidad de escurrimiento del liquido.

Se puede en general por simple observacion del arco de llama, decidir
la tension que se debe conectar, para que no se produzca un aumento grande do
la temperatura de los electrodos metalicos; que hace disminuir el espacio do
escurrimiento del liquido, el que llega ahervir en la parte inferior de las pipas pro-
duci£ndose entonces depositos salinos en el espacio E, sobretodo cuando se trabaja
con soluciones concentradas, que hacen variar la velocidad de caida del liquido, por
lo eual deja de funcionar regularmente el arco de llama, y al fin se obtura por
completo lasalidade liquido y se funden los electrodos si no se interrumpe de inme-
diato el transformador.
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De la velocidad de escurrimiento, de la inclination de los electrodos,
y de la distancia ontre estos, depende mucho la eonstancia del foco luminoso.
Se puede regular lavelocidad de salidadel liquido, y lainclination de los electrodos
de maneraque lagotamoje el borde de su crater y lasolucion no crepite y regulando
luego la distancia entre puntas, se estabiliza la position del foco luminoso; este
ultimo gjuste, el masdiffeil de lograr, so hace comodamente por medio del tornillo
0 sin interrumpir la tension.

Hemos elegido cloruro de litio, para preparar nuestras soluciones, ya que
lalongitud de onda de su dos lineas ultimas (6707, 8 y 0103, 6 A) hacen posible
utilizar en el espectrrtgrafo Zeiss, placas fotognificas comunes HP3; usando una
0 otra de estas lineas, para cstudiar las placas en el mierofotomctro Zeiss, a c6lula
fotocl&trica.

Para poder medir directamente los tiempos de exposition sin gran error,
hemos preparado soluciones de concentracion, 05 - 1 — 2y 5 milfgramos de
cloruro delitio por litro, y paralas cuatro soluciones utilizamos arco de |lama de
12.000 V., circulando entre electrodos aproximadamente 3 Amp.

Cargadas las pipas y estando todo dispuesto, dejamos correr la soluciOn
hasta Ilegar a derramc constante; conectamos entonces el transformador cxpo-
niendo la placa 30 segundos, y, sin interrumpir el arco de llama, por otros 30 s
gundos tapamos la ranura del espectrografo, para haeer luego el segundo registro
con el mismo tiempo, y as sueesivamente hasta Ilegar a obtener 11 registros.

Analisados los ennegrecimientos para las cuatro concentraciones, se pudo
comprobar que en los 10 ultimos, estos no difieren en mas del 3%, diferencia que se
justifica por la forma en que hicimos la experiencia. El primoro de los registros
difiere de los otros, en un 15% mas 0 menos, variation que se justifica, por no ser
inicialmente estable el arco de llama y por estar frios los electrodos.

En la misma forma hemos hecho la experiencia para concentraciones,
hasta de 10 gramos por litro, y en general podemos decir que la constancia de los
registros varia mas, a medida que la concentracion aumenta, por la accumulation
del elemento disuelto en el extremo de los electrodos. Claro esta, que facilmente
se puede por dilution reconducir este caso a primero.

Estos primeros resultados, que solo tienen el valor de tales, inducen a
suponer, que para soluciones de pequena concentracion, el arco de [lama funciona
regularmente; que no hay acumulacion apreciable sobre los electrodos del elemento
disuelto, y que, el consumo de los electrodos es tan pequeno, que no llega a modi-
ficar la intensidad del foco luminoso entre una y otra exposition.

Cuando se trate de estudiar soluciones complejas de gran concentracion;
se puede precipitar por via quimica los elementos que no interesen y determinar
en el liquido residual, aquellos que interesen y que estan en pequena concentracion
en la muestra inicial.

Estas experiencias fueron hechas en el Instituto de Fisica de La Plata,
sicndo su director el dr. Ricardo Clans, a quien agradezco su continuado apoyo y
su constante inquietud por conocer los primeros resultados.
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Proof that Probability Density Approaches [¢]? in Causal
Interpretation of the Quantum Theory

DAVID BOHM

Faculdade de Filosojia, Ciencias e Letras, Universdade de Sao Paulo, Sao Paulo, S P., Brasil

In two recent papers (BOHM, 1952a6) the author has proposed a
reinterpretation of the quantum theory, based on the following hypotheses:

(& A guantum-mechanical system, such as an electron, consists basically
of a particle having a precisely defined position, which varies continuously as
a function of the time.

(b) This particle is acted on not only by the classical potential, V(x,|l)
but also by an additional quantum-potential, U (x,t) that is important at the
atomic level, but negligible at the macroscopic level.

{c) If we write ¢ = Rc"‘”, where ¢ is the wave function, and R and §
are real, then the guantum-polentinl is given hy:

. 2R
U= —5——f (M
The equation of motion of the partiele then takes the form
2
m%»i;'=—viu+v} @

With the aid of the above hypotheses, one can obtain the same predictions
for all experimental results as are obtained from the usual interpretation of the
quantum theory, but with the important difference that processes at the atomic
level arc described as continuous and causally determined by the equation of motion
(2), whereas the usua interpretation assumes that a causal and continuous
description of such processes is as a matter of principle unattainable (BOHR, 1934).
The causal interpretation provides, however, a conceptual framework that is
broader than that provided by the usual interpretation, in the sense that the general
class of mathematical theories consistent with the usual interpretation is only a
specia case of the mathematical theories permitted by the causal interpretation. In
fact, the causal interpretation leads to experimental results completely equivalent
to those of the usual interpretation, only when the following additional special
assumptions are made:

(1) The ¢ field satisfies Schrodinger's equation. This assumption
is not essentialy different in character from the classical assumption that the
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clectric and magnetie fields satisfy Maxwell's equations, or that the gravitativnal
potentials, ;™ satisly differentia] equations obtained [rom the theory of general
relativity.

(Z) The sceond order character of the differentinl equations (2) for
the particle motion would suggest that the initial position and the initial velueity
of the particle can be chosen architrarily.  [Towever, to obtain the same results
gs are obtained from the usual interpretation, we must restriet the initial velocity
to v=V b’(x}/ m, where »(x) is ihe veloeity of 8 particle which happens to be
at the puint, x.  This ehoice of #{z) could cortainly be made at any particular
time, say =0 and as shown by douw (1952a), the cquations of motion (2)
then guarantee that the relation, » = ¥ 80r),/m wonld be maintained for al? time
(Bouam, 1952¢).  Thus we have what s essentially o consistent subsidiary
condilion,

3} We assume that we eannat at present prediet or control the proeise
location of an individual particle, but that guentim-mechanieal systems now
svuilable in praetice constitute a statistical ensemable.  The probahility density,
P(x4) of systems in this ensemble is in principle an arbitrary function satisfying
the conservation eguation

ap .
W"‘ V{Pv) =0 (3

However, in order to obtain the experimental resalts predicted by the usual
interpretation, we must assume that P = |\&|"’ This restrietion is consistent
in the sense that if it holds initially, it will hold for all time, because as shuwn
in paper 1, see 3, |¢[* satisfies the same conservation enuation satislied by £
(provided that » = ¥ 85{z)/m and that ¢ satisiios Sehrddinger's equation):

aled ( 2VS)__9|\5|2 ) =
o T VP ) ===+ v (gla) =0 )

It was suggested in paper I, sees 4 and U, that the browder conceptual
framework provided by the causal interpretation opens up possibilitics of making
new kinds of theories in conneetion with the domain of 107" em., where present
theories »oem to be inadequate.  One of these possibilities I8 to give up assumption
{13; for in the cansal interpretation, one can for example, assume that the cquation
governing ¢ i3 non-linear and eontains inhomogeneous terms depending on the
ectual loeation of the particle, assumptions whicl could not even he eonsistently
formufated in terms of the wsual interpretution (Boss, 1952q). These
madifieations eould eastly be made in such o way that the usual Schrodinger’s
equation would be a good approximation at the stomic level, where the present
theory is known to he applicalle, while at the level of 107 em. totally new results
woull be obtained.  Similarly, we could modify assumption {2) and permit
» to differ [rom V8,/m, by introducing new terms in the quentum potential. With
a proper chaire of these new terms the difference hetween ¢ and 7 8 m eould
he made pegligible at the atomic tevel, but of crucial importance in the domain
of 107" em. (Boum, 1952a).

It iz clear, however, that under conditions in which assumptions (1)
and (2) fail, (3) will in general also fail; for the true probability density, P(z,t)
will atill b conserved, while !\b {x, t][a in genersl will not, since the conservation
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of 1 |* follows from (1) and ¢2).  But if deviations from (1) and (2) really exist
at the level of 1672 ¢m. then we might expect the cumulative effeets of the resulting
diffrrences between P and [¢|* to be felt nltimately even at the stomic Teved,
unless there exint opposing processes, which tend sontinually to re-establish the
comality of P and ]1& |2. In this paper we shall prove that the rendomly distributed
collisions betwoeen atoms furnish just such opposing processes, whirh in the alsence
of perturbations from the level of 107 ¢m.. would cause an arbitrary probahility
distribution, P (x,1) 1o deeny inlo [§e, /1 with the passage of time,  Clearly,
the demonstration of this result constitutes an important part of the causa
interpretation, because it completes the proof that the causal interpretation
could have an experimental content different from that of the usual
interpretation at the level of 10"* cm., and still lead to agreement with all
experimental data that can now be understood in terms of the usual
interpretation.

The general lines of our proof that P(xt) tends to approach | (z,s)*
were already suggested by BOHM (1952b). We first point out that all experiments
in quantum mechanics to date have been concerned with statistical ensembles
of systems (such as hydrogen atoms) drawn from large aggregates of matter,
where they have been interacting with other systems for a very long time. When
we do an experiment now, we have no choice but to draw our samples from such
:in ensemble, whose membres have undergone this lengthy process of collision
with other atoms, electromagnetic waves, sound waves, and other disturbances
which can alter the physical condition of the members of our ensemble. Now,
each collision of, for example, a hydrogen atom with another atom, can change
the positions of the precisely defined particles located in each atom in a way that
depends on the collision parameter and the initial velocity of approach. Since
then' is a statistical ensemble of different kinds of collision, we conclude that
even if all the particlesin our ensemblesinitially had the same position, they would
have some kind of distribution of positions after collision.

To study how this probability distribution changes in a collision, we
shall find il convenient to define a function f(z,¢) thraugh the equation

P(e,0) = o0l 1(2,0) ®)
Since P {x, ) satisfies the conservation equation (3), while I\{l(.r.,.t)[z sntisfien the
similar cqu. (1), we readily find by sabtracting {(4) from (3) that

af , 3
Syt e vi=0 ()

But the above is just df7df, the rate of change of f which results from following
o particle orbil. We therefore obtain 4 fdt = 0 anel

He ) =j(xr) N

where 2’ is the pesition of a particle at the time ¢ which arrives at the position
xr at the time &

Faquation (7) iz analogous to Liouville's thearem in elassieal statistieal
nicchanics, with the important difference that in quantum theory, the eatio,
§ = P/ ¢ | is what remains constent when we lolkew a moving particle, while
in rlassieal statistical mechanicy, it is the density P (e, g, 2) of poiots in phase spoee
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that remains constant. However, by mothods that are very similur to those
thut esn be used in classicn] statistical mechsnies to show that P*{x, p, 7} approaches
a constant (') slong any surfuce of constant ecnergy, we have shown that f(x, )
approaches n constant, so that J* approaches |vp |2. Moreover, once P has beenme
espl o | % ner disturhiance satisfying conditions (13 and (2) can possibly produce
a difference bwetween these two quantitics because the relation, P = “’J Iz, iz then
maintained for all time by the equation of motion of the particles.  We conclude
then, that in the eausal point of view, the statistical distributions of quantum
theory have the same origin as those of elassical theory; namely, the randomn
collisien which cause the various membors of an ensemble to distribute themselves
more or lesd chaotically over the range of physical parameters acecsible to them,

The above results are dedueed with the aid of assumptions (1) and
{2}, which eprtninly hold in the atemie doemain,  If, in this domain, perturbations
arising at the level of 107™ em, should create diserepancies botweon P and Ly [
we should then expeet that the diserepaneies wonkl die out in some mean time,
T, which i1 determined by the solutions of the equations of motion of the various
particles involved and by the rates of collimions of these particles.  The difference,
P = |§ [F in the steady staie will b determined by the balance between the megn
rate, &, at which pertirhations surge np from the level of 107" em., and the mean
rate, (- I\I« |2[/ 7' at which & pertwbation already in existenee dies out. This
yields

Pyl =nr )

Now in the absence of any speeilic hypotheses as to what is happening at 107 en.,
it i1 impossible for s o know anything abeut &, except that with the limitless
mumber of conecivahle hypotheses available, any value at all is possible.  Thus,
if we assuine the eausal interpretation, we ean always regurd soy experimenis
which shuw that # ix equal to |‘Hz as “a posterion’” evidence that & is so small
that diserepancies beiween /2 aml f\& |” have not vet been deteeted.  This mewens
that nu experiment. ean possibly show that the usual interpretation must be
ehosen in proferchee to the catsal interpretation. On the other hand, an
experimentally  alwerved  diserepaney  between 2 and [&[2 would  elearly
indicate that the wsual interpretation wns untenable and that o eausul
interpretation was probably weceded ().

An actual  experimental  test of the relation, P = |‘(1|2 wolld  tx
impracticably diffieult at present, hut as shown in paper I1, the usual formulae
for iransition prohabilitics are, in the rausal interpretation, consequences of

(") Note that this result is not to be confused will) the statement that p(x,p,t) remains
constant when x(t) and p(t) are solutions of the equations of motion. For in this case, even though p
depends on x , p and t, the dependence is such that there is no net change in p when we follow a
trajectory of a part in phase space. However, after many collisions, the functional form of
p(x,p,t). itself changes and approaches a constant along any surface of constant energy.
Similarly, from equ. (7), we see that f(xt) isaconstant along any particle trajectory, regardless
of the form of/, but we now assert that after many collisions, the functional form of f changes
in such a way that f approaches a constant.

(® In fact, we can go further, and say that after we reach the stage of postulating a
particular example of a causal theory, experiments are conceivable (BOHM, 1952), which would
permit us to infer the necessity of each element in the hypotheses underlying that particular
theory; or in other words, to "observe' or detect these elements.
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the assumption that P = |dr1'2. Hence, if this assumption is not entirely true,
we should expect to find diserepancies, probably rather small, between the abserved
mean rates of transitions and the rates predicted by present theorier. We must
study these discrepancies under conditions in which ¢ v known to a high degree
of accuracy. From this point of view, the hest transition provesses to study
would probably be those involving radiation from stoms of hydrogen.  However,
to reduee the rate at which discrepancies between P and | ¢ ° die ont, we shouldl
avoid oollisions by keeping the atoms under conditions of extreme isolation,
atil avoid the effects of thermal radiation by keeping them at very low
temperstures. To increase the rate, K, at which discrepancies between £ and
|y'¢ |2 come up from the level of 107" cm., we shonld use atoms whose nuclei are
very highly excited, These requirements appear to he very diffioult to satisfy
simultanconsly at present, but it is possible that n more eareful stiudy woirld
disclose other systems which would be more snited for demonstenting an
experimentally observable differcnen hetween P oand [¢1%  In this eonnection,
it would now be of interest to mnake plausible speculative hypotheses concerning
the levei of 1073 em,, with a view to estimating the magnitude of the expoeted
differcnces batween M and [l,b[‘! Experimentu! evidence testing the nceuracy
of the prediction of the nsual interpretation concerning rates of transition is
at present rather rough and Hmited in quantily, and of eourse, no experiments
have a1 yet heen done with a view to finding conditions that are likely to lead
to a maximum diserepaney between 2 and |\fal2.

It is perhaps interesting to note at this point thal as o result of the
fuct that P approsches |¢z[2, the causul interpretation now involves exactly the
same mnaber of hypotbeses as does the wsual inlerpretation.  Tn both poiots
of view, one postulates that ¢ sutisfies Sehrédingee's erquation ; and the very
exeellent gpreement of the observed eneegy levels with the prodieted values
provides a convineing proof of the wvalidity of this equation, at least for the
stationury states. In the waual interpretation, one makes the alilitional hypothesis,
however, that in the measurement of any ohservable, A, the proboability that we
shall obtain the eigenvalue, a, iz [(’u |2, where {2} = Z ¢, ¢ (@) and
A, (2) = ag, (). In the causal interpretation, rne makes instead the
hypothesis that thgre is a particle with o precisely detined position, and with
a velacity, v = V&/m. From this hypothesis, one deduees that P = [¢[% and
as shown in paper 11, this result is sufficient to prove that the probability of
obtuining the result, @, in the measurement of the observable, .1, is |l'.'ﬂJ2
{under conditiond in which there are enough collisions to establish the validity
of I'=|¢[*.

As has been shown by BOHM (1952), the existence of the postulated
precisely defined particle variables could in principle be verified by a direct
measurement of the particle positions, if the hypotheses (1), (2), and (3) need
to be given up in any domain, for example at the level of 10%cm. The basic
hypothesis of the usual interpretation that the probability of obtaining the
eigen-value, a, of the observable, .4, is [¢,|* could in principle aso be subjected
to a systematic experimental test, but as we have soon, this is in practice very
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difficult to do at present, especially with the requisite degree of precision (3).
Thus, as the situation stands now, neither hypothesis has yet been verified
experimentally. It should be repeated, however, that whereas no experiment
supporting the usual interpretation could possibly disagree with the causal
interpretation, a failure to obtain experimental results in agreement with the
basic hypothesis of the usua interpretation would provide strong evidence in
favor of the broader conceptual framework consistent with the causal point
of view.

We shall summarize the results of this paper in terms of the simplest
example of the disintegration of two uranium nuclei having the same wave
function. Now one of these nuclei may decay tomorrow and the other in two billion
years. The usua interpretation of the quantum theory states, however, that
today, there can be no physically describable difference between these nuclei,
since they both have the same wave function, and since the wave function is said
to determine all physically significant properties of a system. Hut the most
elementary seientifie procedure would suggest that if two objects are observed
to act differently, this should be regarded as "a posteriori" evidence that there
must in fact be some physical difference between them. Indeed, in the causa
interpretation, the difference in the two uranium nuclei is explained very simply
in terms of the assumption that each nucleus hasin it asot of particles with precisely
defined positions, which determine in principle exactly when that nucleus is going
to decay (BOHM, 19528). The difference in times of disintegration is then ascribed
to the differences in positions of the various particles in the two nuclei. In fact,
if we consider a statistical ensemble of such nuclei, al having the same wave
function, then as has been shown, the particlesin different nuclei will bein different
positions as a result of collisions suffered by these nuclei over the past few billion
years; and these collisions will have produced a probability density of |¢|* that

the particles in a particular nucleus take a given set of positions. Thus, we are
able (HOHM, 1052 a), to explain the statistical ensemble in decay times of a large
number of nuclei.

In the usual interpretation, however, the role of statisticsis very different,
for it is said that the precise future behavior of an individual system is completely
arbitrary, in the sense that it cannot be related to any physically definable properties
of that system, or of anything eélse existing in the world today. Only the
probability of decay is a statistical ensemble of systems is said to be determined
by physical factors now in existence. Nevertheless, it is admitted that the
behavior of an individual system such as a uranium nucleus can be physically
significant, since, for example, if this nucleus disintegrates, the resulting particle
can activate a Geiger counter, which can initiate a large scale process, such as the
setting off of abomb. In this situation, the question of when a particular nucleus

() The best test of this hypothesis to date probably occurs in connection with Coulomb
scattering, where the asymptotic wave function is known exactly through solution of
Sehrodinger's, equation, and where probability of arrival of a particle at a given angle, 0, is
observed experimentally. However, this procedure only tests hypothesis, P(xt) = [¢fx,t#),
for the asymptotic part of the wave function, and then only to a very rough order of precision.
It is necessary to check this hypothesis close to the scattering center itself. Moreover since
the slightest failure of the hypothesis that the probability of obtaining the eigenvalue, a, of the
observable, A, is |€al® would make usual interpretation untenable, we would need experiments
of a very high order of precision, before we could obtain a reasonable experimental bass for

supposing that it might perhaps be possible to obtain a theory dealing with the level of 10-*cm.,
without utilizing the new possibilities opened up by causal interpretation.
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decays clearly has physical significance, since it determines, for example, whether
the bomb will explode tomorrow or in two billion years. In accordance with
the postulate that only the behavior of a statistical ensemble of uranium nuclei
can be determined by physical factors now in existence, however, the usual
interpretation states that the time at which a particular bomb goes off is
completely arbitrary, from a physical point of view. What the assumption of
the at present "hidden" precise definable particle variable does is to remove
this element of arbitrariness from the theory.

Now, it has always been the common practice in science to recognize
that a hypothesis that is able to remove arbitrariness by relating previously
unrelated facts, events, conditions, or domains of phenomena has a high probability
of being at leasts partially correct and therefore fruitful, even if at the particular
time when the hypothesis is introduced, all of its elements cannot yet be verified.
For example, the atomic hypothesis was introduced long before individual atoms
could be detected, simply on the basis of the fact that it connected the various
rules of chemical combination and the perfect gas laws, which had previously
been supposed to have no underlying relations connecting them. This hypothesis
not only proved fruitful, but ultimately led to experiments which permitted the
direct observation of the postulated atomic particles, experiments which would
probably never have been done if the atomic hypothesis had not been regarded
as having a high probability of being at least partially correct. If the early
proponents of the atomic hypothesis had worked in the spirit of the usua
interpretation of the quantum theory, however, they would have said that the
atomic hypothesis was "unnecessarily complicated” because one could avoid the
postulation" of atoms by the "simpler" assumption that the facts of chemistry
and the perfect gas laws, were unrelated. In order to satisfy the principle of
"economy of concepts’ they would then have given up the atomic hypothesis,
or at least would not have taken it seriously enough to continue the search for
experimental evidence of the existence of individual atoms. Indeed, it was just
on the basis of such arguments that nineteenth centure positivists like Mach
contended that the concept of atoms was "metaphysical” and should therefore
not be accepted. It should be clear, however, that the "simplification" obtained
by assuming that there is no underlying causal relation between facts of chemistry
and the perfect gas laws is a trivial advantage, in comparison to the new
possihilities opened up by the atomic hypothesis as a result of its unification of
hitherto unrelated fields through the postulation of the as yet undetected atoms.
Similarly, it seems to the author that the "simplification" resulting from the
hypothesis that there is no underlying causal connection between the future
behavior of an individual system and the present physical state of the world is
likewise a trivial advantage in comparison to the new possibilities opened up
through the unification of these things by postulating the precisely defined
"hidden" particle variables. These new possibilities are seen to be particularly
important at this time, if we consider the fact that physicists using the usual
interpretation do not seem to have made appreciable progress during the past
twenty years in explaining the properties of elementary particles, particularly
their finite self energy, the large number of kinds of such particles, and the various
processes by which they are created, destroyed, and transformed into each other.

— 13—
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The'parallel between the atomic hypothesis and the hypothesis of the
at present "hidden" precisely defined particle variableis very close. Thus, when
the atomic theory was first proposed it did not seem to have any new experimental
content, because it led to macroscopic conditions (such as the ges laws
and the law of chemical combination) which were already treated in terms of
purely macroscopic theories. In experiments which were possible at that time,
the atoms manifested themselves only statistically, and it was not possible to
deduce the size of an individual atom. Moreover, in any domain in which the
macroscopic laws (such as the gas laws) were applicable, it was not even possible
to obtain experimental evidence for the existence of individual atoms. Such
evidence could only come from experiments involving new phenomena which
could not adequately be treated by the extrapolation of macroscopic laws to the
microscopic domain. The first new phenomenon of this kind was the Brownian
motion, a perpetual fluctuation which contradicted the macroscopic assumption
that the behavior of a system in thermal equilibrium was specified completely
by its equation of state. Brownian motion was not discovered, however, until
1827, a full 24 years after Dal ton first proposed the atomic hypothesis to explain
the laws of chemical combination, and the first estimate of the size of an individual
atom on the basis of measurements of the effects of Brownian motion was made
only in 1865.

Similarly, we note that in the causal interpretation of the quantum
theory we can now predict only the results of experiments which can aready
be predicted adequately by the usual interpretation, and that experimental evidence
in favor of the postulated precisely defined particle variables could come only
from some domain in which the predictions of the present form of the quantum
theory break down. The causal interpretation is in a sense, however, in a better
position than the atomic hypothesis was when first proposed, because at that
time, there was no indication that macroscopic laws were inadequate at small
distances, whereas, as we have already pointed out, the extrapolation of the present
quantum theory to the level of 10%cm, leads to unsatisfactory results. The
proponents of the usual interpretation, who fed that it is better to assume an
arbitrary relation between past and future of an individual system than to relate
these things causally by the postulation of the as yet "hidden" precisely definable
particle variables, therefore seem to be in a position very analogous to that of
the physicists who in the nineteenth century wanted to abandon the atomic
hypothesis on similar grounds. In fact those latter physicists had a better basis
for their arguments than that of those who now uphold the usua interpretation;
for at least they wished to replace the postulation of atoms by empirical laws
already proved experimentally; i. e, the gas laws and the laws of chemical combi-
nation. On the other hand, as we have seen in Sec. 1, there does not yet exist a
satisfactory experimental proof of one key corresponding “empirical laws"
underlying the usual interpretation; namely, that in the measurement of an
arbitrary observable, A, the probability of obtaining the eigenvalue, a is
{¢]° where ¢ = E(J‘n ¥, ; nor is asufficiently precise and systematic experimental

proof of this law likely to be available in the near future.

In conclusion, it would seem that the causa interpretation is considerably
more promising than the usual interpretation; first because on the basis of the
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same number of hypotheses, it explains all the facts explained by the usual
interpretation in a way that unites previously unrelated things, and secondly
because the very step needed to achieve this unity opens up a wide new domain
of theories, one of which may be needed to replace the present inadequate theory
at the level of I(T**cm. Moreover, the usual interpretation, suffers from the
disadvantage that the necessity of adopting it cannot be proved experimentally;
for as we have seen in Sec. |, all experimental results consistent with the usual
interpretation are aso consistent with the causal interpretation, wheress:
experimental results are conceivable which are consistent with the causa;
interpretation, and not with the usual interpretation.
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DISCUSSION

ANDERSON: It is known that, in ordinary quantum mechanics (here is a whole class
of phenomena that have a very beautiful explanation as a consequence of the idea that particles
can be identical. In causal theory, it would seem that two particles like two electrons would
be tagged and therefore there could be no such thing as complete identity,

BOHM: The causal point of view leads to exactly the same results as the usua point
of view in this problem because; of the quantum potential. That is, we have the ¢ function,
the two particles are not completely described by this, but the motion is determined by the
¢ field. Now, one can by more detailed consideration find that as a result of the force due
to the ¢ field, for example, two particles will never occupy the same position. This is one
of the consequences of the anti-symmetry of the wave function, and all of the other consequences
can be shown in a similar way. In other words, as long as the laws of the quantum mechanics
take their present form, those iwo particles will behave identically. If the laws change at
another level, then it might be possible to tag them but we are simply not able to do it right
now.

ANDERSON: It isimplicit inyour theory that i n principle they are taggable and therefore
the consequences which result from the exact identity of particles must be lost ?

BOHM: All I wish to do is to obtain the same experimental results from this theory
as are obtained from the usual theories, that is, it is not- necessary for me to reproduce every
statement of the usual interpretation. Whether they are in principle taggable or not is not
at present verifiable; but if | can get the same results, say that at present they cannot be tagged
and that they will behave in such ami such a way and that you will get certain energy levels
and certain non-overlapping particles, then that is all really that you can ask to be done. No
experiment can tag them at present, but an experiment is conceivable. The difference in the-
two points of view is that in the causa point of view an experiment is conceivable which might
tag them, but we do not yet know how to do this. As a matter of fact, phenomena can be
conceived of which might permit us to do this. On the other hand, in the usua point of
view it is assumed that it will never be possible.

ANDERSON: But there is a point- of principle then;.

BOHM: This principle has not been proved experimentally. That is, nobody has shown
by any experiment that it is in principle; impossible to tag these particles. All that has been
shown by experiment is that then; exist certain energy levels and that they are such and such.
You may take the exclusion principle as aprinciple to explain these experiments. But another
principle would aso explain them. Therefore, we do not have yet enough evidence to decide
between these two principles. But evidence is conceivable which will permit a decision.
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ANDERSON: One would like to sec the threshold a which wo could decide once and
for all whether there exist some tests of the theory. There are a whole class of experiments
being carried out which conceivably could be used for such a test, | can think, for instance,
of the experiments that Deutseh has been carrying out on positronium where you have a
substance, the positronium atom if you wish, that is made after a short time, lives only a verys
hort time and has a well defined energy level.

BOHM: The energy levels will be the same in both points of view regardless of what
happens. The only thing that would be different would be the rate of transitions and the
difference? might be rather small. It is important to notice that there might be a very small
difference at the level of the atomic dimensions which will be difficult to observe. The situation
is perhaps analogous again — then; are two analogies that you can draw - one is with the
atomic theory in the early stages when it was not known how small you would have to go to
observe something like the Rrownian motion. So at the moment you do not know how small
you will have to go to observe these particles. Now, careful measurements of the rates of transition
might show a difference. But if it did not show a difference it would not prove that the usual
interpretation is correct. But if it did show a difference, it would show that it was wrong.

ANDERSON: Why not? The defenders of quantum mechanics would say as they did
for instance when the Lamb shift was first discovered that they were merely missing some
renormalization of the mass but that the basic ideas of quantum mechanics were not violated.

BOHM: It depends on The situation, and how far you have to get. Within a certain
degree of accuracy, the quantum theory is pretty well established. 1 was going to mention
the Lamb shift analogy. As | can remember, | heard a lecture in 1940 on a minute discrepancy
on the spectrum of hydrogen which was hardly observable, but which later turned out to be
the Lamb shift. Of course, this sort of thing is what | had in mind-that even a very minute
discrepancy in the probability of transition would prove that, the usual interpretation is untenable,
provided it would not get into the domain where one would not be sure of the calculation of
the wave function.

KERST: Would the determination of the absolute cross-section for the production of
the Bremsstrahlung at exceedingly short wave length be a test?

BOHM: Yes, it could, but only after the theory is developed further. | did not state
clearly enough perhaps that at very short distances we would expect a big discrepancy, but
that it would not prove the causa interpretation unfortunately, because there is the point
Anderson just made that perhaps some further change in the usua interpretation like the
introduction of 8 matrices, non-local theory or something else, might do it. | think that
experiments of that kind might ultimately permit such a test when you will have a system of
data which could be fitted by theory.

KERST: The wave length would be in the region that you want it to be in, at least
beyond the region where we know how things are,

BOHM: The fact that the usual theory fails is not enough to prove that the causa
theory is necessary because there are many other ways in which the usual theory might fail.
On the other hand, the probability must be given by thisrule: ¢ *¢ and we can get a clear
test at this point.

MOSHINSKY: IS there no reaction of the motion of the particle on the wave field?

BOHAI:  One could say that at the level of the usual Schrodinger equation there is
none, but there might be. One might argue again that the usual Schrodinger equation is an
approximation which neglects the reaction of the particle on the wave field. At the level of
10~*3 centimeters, this would be important. That is, in electrostatics a similar thing is quite
often done. Suppose, for example, that you take the state of the radio wave; in the
first approximation you could first consider the electron pushed by the radio wave, but when
it comes to more accurate description you would consider a modification of the radio wave by
the electron. Perhaps one of the modifications needed is to consider a similar reaction on the
wave function; but to obtain the same results as are obtained by the usual interpretation, which
is an adequate approximation, certainly at an atomic level, you do not need to consider such
a reaction.

MEDINA: | wonder if you can introduce the spin in your theory? Is it possible to
predict the existence of aspin of aparticle asin field theory ? Can we obtain the same statistical
results and effects?
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BOHM: It does not predict the spin of the particle but describesit. | think one could
give a similar causal interpretation to the Pauli equation and the Dime equation and it seems
enough to show that it works. In the Pauli equation one assumes that one has a particle with
a finite size, very small, which is capable of rotating as well as moving in space. The Pauli
spinors are then connected directly with the description of the rate of rotation of this particle;
that is, in a stationary state, this particle is described as spinning at a certain speed, so the result
is that one interprets the Pauli equation as the equation of motion of a particle spinning under
the action of certain quantum mechanical potentials.

RABI: | would like to known just what you mean in your theory by a particle. What
physical idea exists there ? Isit aclassical mass particle such asis assumed in the early Newtonian
mechanics ? Just what sort of object are we talking about, when we speak of a particle and causal
interpretation and what physical evidence can you bring out to make us believe that such a
thing exists in nature?

BOHM: At the moment we merely assume that the particle has a certain mass and
in a non-realativistic theory that it follows an equation: this is Newton's equation of motion;
and the particles may have a spin. We think that the particles may well have many other
properties which have not as yet manifested themselves. | keep on referring to the atomic
theory -- when the particles were first proposed, very little was known about them except
that they had a mass and a position and a momentum. The rest was not relevant because
it did not affect the statistical behavior of the large scale level. For example, these particles
could have been doing hand springs and this would not have an effect on the preassure in perfect
gas. So the same question could have been asked, and was asked, in the nineteenth century.
What did these atomic particles mean? Nobody knew exactly what they meant at that time,
time, but nevertheless there was a certain advantage to be able to relate causally certain things
that previously had been assumed to have no particular relation between them, such as being
able to explain the perfect gas law PV = RT instead of deriving it empirically and being able
to show a connection between chemistry and the gas law.

RABI: You have described, you say, a particle which may have a mass, it may have
a charge and it may have a spin. The spin part of course is something which comes directly
from quantum mechanics. In other words | do not see in any of your statements any ideas
other than those which came from quantum mechanics except that you hint at infinite possibilities,
and | am sure then* you are right. The history of physics has shown that we cannot predict
the future; of physics; it always turns out very differently, and there | agree with you. But
| do not sse how the causa interpretation gives us any line to work on other than the use
of the concepts of quantum theory. Every time a concept of quantum theory comes along,
you can say yes, it would do the same thing as this in the causal interpretation. But | would
like to see a situation where the thing turns around, when you predict something and we say,
yes, the quantum theory can do it too.

BOHM: Let me say what | think about the situation. First of all, | say that there
is no particular reason, if you take the quantum theory in the present, to adopt either
interpretation. The auestion is, why choose one or choose the other? They both give the same
results. | think one should choose the causal point of view, the one that at the moment gives
a united, simple and direct explanation of certain things which could not be imagined in tho
usua point of view. For example, it makes it much easier to teach the subject and to think of
it because, for example, usually one says that the particles in a certain orbit jump from one
to the other, but one is not supposed to think of the orbit and this is difficult to teach. So
there will be a certain advantage there. But, another point is that exactly the same criticism
that you are making was made against the atomic theory— that nobody had seen the atoms,
nobody knew what they were like, and the deduction about them was gotten from the perfect
gas law, which was already known, The third point is that, as | said, it opens up many new
possibilities and | will describe afew. | did not describe it in this talk because these possibilities
are largely speculative. But one possibility is that one should explain this quantum mechanical
potential that | wrote down. In other words, you may say that if you assume a certain quantum
mechanical potential, you can explain all the effects causally. Now the question is how to explain
this potential in terms of a theory which would cover a still broader range of phenomena. One
possibility of doing it is to assume, as several people arc aready doing, such as notably Dime,
that the space is filled with an ether or substratum. In fact, the existence of a sea of negative
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energy electrons already seems to indicate that point of view might be taken seriously. If
you assume such a substratum, whose particles are interacting in some simple way, you have
something very similar to an ion gas in classica physics because the substratum consists of
protons and electrons — negative energy of course. If you look at this theory more carefully,
you discover that when you try to solve this problem of how these particles will interact, then
you get certain relations that are very reminiscent of the causal interpretation of the quantum
theory. For example, the relation V = S follows as a very good approximation in terms of
this substratum. Another thing that follows naturally is that you get potentials that look
very much-like the quantum mechanical potentials. They are not exactly right but there are
certain characteristics that are very reminiscent of it. This suggests therefore that what we
call a particle, a free particle, is not a particle, but that space is filled with the matter at some
other level, that particles arc structures most of which are localized in a certain small space
but a certain part of which extends out and which we call afield, say, a * field, an electric
field, a magnetic field, a gravitation field and so on. This point of view is essentially the sort
of idea which Kinstein has been proposing for a long time, very similar to it any way, that is,
that you have a certain field which covers all space and the particles are highly localized, the
disturbance in thisfield, a part of which extends out along way, isresponsible for the interaction.
On the other hand, the transformation of one particle into the other can be very easily understood
in this way because you might say that there are many possible stable structures of this type
and when you disturb it, for example, by colliding with another one at very high energy, then
this particle begins to oscillate and be disturbed in a violent way, may break up into so many
more particles. That is one of the lines of possibilities which may be investigated, | think
it would take some time to know whether this would have any possibility of success.

LKITE LOPES: There is at present no indication of the experimental results which
points to a specia new theory. Do you have an idea for a precise scheme below this region
of 10~**cm. that you pointed out?

BOHM: Yes, however, | do not know whether | should repeat it again. | think that
at the moment there is no particular reason to choose one interpretation over the other except
the one which | gave and which | think isimportant, that is provides a more unified description
of the phenomena. Whenever you obtain a more unified description, you have a feeling that
you are on the right, track, that is, a description that leaves no disunited disjointed things.
| aso think that what | have discussed shows a considerable lot of evidenc that within this
line; you would be able to attack the problems which are facing physics at th 10"**cm. such
as the large number of elementary particles, their stability and their transformation into each
other.



On Kinematic and Dynamic Laws of Symmetry

E. P. WIGNKR
Princeton University, Princeton, N, J, U. S A

The classical conservation laws of mechanics originate in the symmetry
of gpace time. They may be called therefore kinematic conservation laws. The
energy and momentum principles are examples herefor.

Recently, much interest has centered on conservation laws which originate
in the symmetry of the properties of particles rather than of space time. The
law of the conservation for eectric* charges is such a law but others have become
recognized lately.

An attempt will be made to enumerate the principles of symmetry in
the properties of particles which one has reason to surmise at present.

DISCUSSION

TIOMNO: Could the conservation law for electric charge; be expressed in terms of isotopic
spin?

WIGNKR: 1t may be possble’ to do this. | would like to point out, however, that, at
least in the case of proton and neutron, the electric charge and the Z component of the isotopic
spin are not equal. The former are, of course, 1 and 0; the latter, however, + 1/2

TIOMNO: 1S there a general conservation law for the total isotopic spin as one might
expect from the symmetrical meson theory?

WIGNKR: It does not seem to me that, there is. Thus, for instance, the transition
from the virtual state of the deuteron to the normal state involves a change of total isotopic
spin from 1 to 0. The symmetry of the meson theory is asymmetry of this particular interaction.
Since; there are other interactions, notably the electromagnetic interaction which do not exhibit
this symmetry, no conservation law follows from it,

LEITE LOPES: Thereis so far no experimental evidence; for the existence of the' negative
proton. On the other hand, it is net possible at present & make a theory which describes only
positive particles, let ussay. Do you have* any simple explanation for this fact? Do you believe
that it is possibie to have a theory which would describe only positively charged particles?

WIGNEH: | am afraid not. It issurprising, asyou say, that all this time and in spite
of the high energy processes that we have seen, no negative pre)tons have been observed.
Calculations seem to show that it is barely possible to understand this fact. But considering
how little we know, it isareal cause of wonderment that no negative protons have been observed.
It woulel be possible of course, to assume that both negative proton and positive proton would
have the same neutronic charge. That would explain the absence of proton pair formation.
However, | do not want to adopt this explanation. In fact, | fear that | cannot contribute
anything to the resolution of this problem.

MEDINA: | only want to make a remark in connection with dr. Tiomno's question.
It seems that the elementary chagetr symmetry you are referring to, is the; symmetry due to the
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invariance of the field, or gauge invariance of charge fields under rotation of the complex field
functions. Every charged field has a complex wave function and is symmetric under changes
in phase. The total charge operator of the field is proportional to the infinitesimal rotations
of charge space. Is that what you referred to? In regard to the isotopic spin space, there is
another symmetry of the same type, Is that what you were talking about?

WIGNER: Yes, it is.

BOIIM: | would just like to ask prof. Wigner if he has any speculative ideas as to whether
there is some geometric or mechanical transformation which corresponds to this symmetry?

WIGNKH: | think none beyond the point which dr. Medina just so well described.
| think, that we should admit that we do not have an understanding of the deeper causes of
any dynamic symmetry. There seems to be an analogy suggested by experimental facts.
However, an explanation in the same snse as we have an explanation, for instance, lor the
hydrogen spectrum, is entirely absent. We see only connections but not more than that.
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SUMMARY

In a previous note a dynamica description of resonance scattering was given, and
transient terms appeared in the wave function describing the process. To understand the
physical significance; of these terms, the transient effects that sppear when a shutter is opened
arc discussed in this paper. For a non-relativistic beam of particles, the transient current
has a close mathematical resemblance with the intensity of light in the Fresnel diffraction
by a straight edge. This is the reason for calling the transient phenomena by the name of
diffraction in time.

The shutter problem is discussed for particles whose wave functions satisfy the
Schrodinger equation, the ordinary wave equation, and the Klein-Gordon equation. Only for
the Schrodinger time-dependent equation do the transient wave; functions resemble the solutions
that appear in Sommcrfeld's theory of diffraction. The connection of transient phenomena with
the time-energy uncertainty relation, and the interpretation of the transient current in a scattering
process, are briefly discussed. The relativistic wave functions for the shutter problem may play
an important role in the dynamical description of a relativistic scattering process.

INTRODUCTION

In a previous paper (MOSHINSKY, 1951)* we analyzed the dynamical
behavior of a resonance scattering process, when the scatterer (represented by
an appropriate boundary condition) was introduced into the beam of incident
particles at a definite time. As a result of the introduction of the scatterer,
transient terms appeared in the wave function representing the process, and
with the help of them we could make the transition from the initial state (plane
wave) to the final state (plane plus scattered waves).

Transient terms are to be expected in a dynamical description of resonance
scattering, from the analogy that this description has with the theory of resonant
electric circuits (WIGNKR, 1919). Asiswell known, in circuit theory the appearance
of resonances in the stationary current is closely related with the transients of
the circuit, as the same parameters (resonant frequencies and damping factors)
appear in both (JAEGEH, 1919).

The transient terms in a scattering process contain, besides those that
could be considered the analogue of electric circuit theory, terms that are related
to the time-energy uncertainty relation (MOSHINSKY, 1952), as quantum mechanics
is used in the description of the scattering.

* To be referred to as (A).
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To understand the physical meaning of the transient terms in the
resonance scattering process, it seemed of interest to analyze first the transient
effects that appear when the propagation of a beam of particles is interrupted.
The more complicated phenomenon where an actual scatterer (represented by
a potential or by boundary conditions (WIGNER, 1940; FESHBACH, PEASLEE
A WEISSKOPF, 1947)) is introduced into the beam of incident particles, will be
briefly discussed at the conclusion of this paper.

We dea here with the transient terms in the wave function that appear
when a shutter is opened. It will be shown in the next section, that when the
state of the beam of particles is represented by a wave function satisfying the
time-dependent Schrodinger equation, the transient current has a remarkable
mathematical similarity with the intensity of light in the Fresnel diffraction by
a straight edge (BORN, 1933). The transient phenomena have therefore been
given the name of diffraction in time.

The form of the transient terms of ¢ that appear when the shutter
is opened, is strongly dependent on the type of wave equation satisfied by .
In the present paper we analyze the transient terms that appear when the ¢
satisfy the Schrodinger equation, the ordinary wave equation, and the Klein-
Gordon equation. Only for the Schrodinger equation is there an analogy with
the phenomena of optical diffraction, which has to do with the resemblance that
the solutions have with those that appear in SOMMERFELD'S (1935) theory of
diffraction.

Il. THE SHUTTER PROBLEM

The problem we shall discuss in this section is the following: a
monochromatic beam of particles of mass m, energy (h2 k2/2m), moving parallel
to the x-axis, is interrupted at x = O/by a shutter perpendicular to the beam, as

illustrated in Fig, 1. 1§ at £ = 0 the shutter

r is opened, what will be the transient partivle
current obwerved at a distance & from the
shutter ¥

Is ) To set the mathematieal problem,

we must fiest pive the behavior of the
ghutter, i, e, il it acts w9 2 perfect absorber
—| | ——=== = no refllected wave), or a perfeet reflector
{sn <« potential  barrier), or something
between the two. Yor simplicity we will
assume that the shutter acts as & perfeet
absorber, though it ean be casily shown that
for >3 & {where X is the wave Iength
Fig. 1. The shutter problem A = (2x7k)), the trunsient current obtained
below holds for any type of shutter, so long
as it aets as a device that, when elosed, keeps the beam of particles on
only vne side of it,
¥or non-relativistic particles, the wave function ¢ (x,f) that represents
the state of the beam of particles for ¢ > 0, satisfies the time dependent
Schradinger equation:

—i(agral) = (hoom) (97 825 o)

.
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and the initial conditions;

_ _ JexpGikz) if x <0
w(x,o)_{ o § x>0, @

The solution of (1,2) can be immediately given with the help of the
functions x(z,%,#, introduced in (A} wnd defined by:

x{n, k,8) = exp (ime® 2ht) exp () exfe (4}, (3

where;
erfe(y) = 2% f exp (- ¥)dy, (3h)
y=exp(—ix/4) @hism) Ble - o) v = (ak/m) . (3c)

The function x(c, k&, aatisfies (1) as:
(a/2m) (x 0+5) +40ax 98 =

(127" exp Gm 22/200) [—"L

o . 4
- A gt (4
e 2y s ] exp () erfe (i) )

anmd [rom the definition (384) of the error infegral [unetion, we sce that the right
hand side of (4) vanishes,  Furthermore, when £ —0, |y — o, aud arg y
is cither — &/t iff 2 > Dor @ o) T2 < 0. From the asymptotic propertics of
the error integral function when |y| — e, summarized in appentix 2 of (A), we
have;

0 if ~ (r?) < argy £ (22)
exp (4°) erfe (y) —> .
2oxp () #f (/2 < urgy < (3272)  (8)

We conelude from the above that:
!
b (e = o x e k0 ®

salisfies the equation {1} and the initial condition (2).

When r‘.—’r w, |yl — =, and ergy = (3 x./1), 5o using (5} again we
obtain:
N C) [k. b -~ [R5/ 2m) £] , {7

which would be the expected stationary [orm of the wave Tunction.
The transiont cureent Jiz, ) takes from (3,6) the form:
J (2,0 = (h/2im) [¢* (3¢./3x) ~ ¢ (89*/37)]
= G/ x@ k1) + (%:kur,)'”
Im expi [(x/4) — ma®r220] x (v, %,01], (8)

where T stands for the imaginary part of the eurly bracket. The expression
(8) simplifies considerably if we sswume that 2> A As we shall show helow
lxlz, &, &) differs appreciably from zero only when £ia of the order or larger than
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the time of flight T = (z-2). For 2> T we have that (ket) ™% < (iex) ™" is very
small, Therefore, the second term in () is =20 for all >0 if x> A, and in this case
the current hecomes;

(2,8 = /) ee [ - (mr20)% o] )
where:
w=(ka)® (et T) 5 [(1) — 1] . (10}

From the asymptotic behavior (7) of ¢ when { —> o we see that the
stationury current is Sy = V. Using a simple relation (JanNkr & Eupe, 1945)
between the ercor integral funetion and the Fresnel integrals, the ratio of the
transient o the stationary ourkent  beeomes:

[1G0000] = {5 + T + [+ 50T}, (an
where:

+ — * ._l_ 2t ! - o L z p
() = ﬁ o5 (2 tu)du, )] ﬁ mn,(2 x )du, . (12

The right, hand side in (11} is identieal to the sxpression (Borw, 14933)
for the intensity of light in the Fresnel ciffraetiom by o straight edge.  The
varisble » has thongh a dilferent
K1) meming from the optieal problemn,
ax it i% now the function of time

given by {10).
In the Cornu  Spiral
disgram of Fig. 2 the right hand
| sitde of (11) i one hall of the
square of the radiug vector from
the point (=~ Y, — 14) to the
point oh the spiral whose distanee
from the origin, slong the curve,
s u. From (10} we see that when
N<I<0thee — = < u <
while when T <6 <o them
0 <n< », With the help of the
Cornu Spiral we sec that whon ¢
Fig. 2. Cornu spiral goed from 010 7, the ratio (/.70
inereases  memotonically from 0
to M, while when ¢ is larger than T, then (/Sy} behaves ss o damped
vscillation around the value {J./Jg) =1, tenuling to this value when { —» o,

This behavior ix illustrated in Fig, 3.

From the standpoint of classical mechunics, it is clewr that (.70 =0
it ¢ i% less that the time of flight 7, while (J.2/,) = | if ¢ > T. This behavior is
also Hlustrated in Fig. 3 by the straight line.

A good measure of the “width” of this diffraction effeet in time, cun
be obtained from the difference = betwesn the (st two times at which (F.77,)
takes the clasical value, ie. 7 = §; — §, as shown in Fig. 3. The times at which
the curve in Fig. 3 interscets with the straight line (f./.Jg) = 1, eorrespond to

n Cow)
?
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the values of 4 obtained from the intersection of the Cornu Spiral with the
eirele of radius ¥ 2 and contor (— 13, —14). The values iy, Uy that coreezpond
to f;, ¢y are the lengths along the Cornu Spical from the origin to the point 1, 2
in Fig. 2, a0 that we have: v, — ;= 0.85. As 3> A we see from (10) that

4y, & are very close to T, so we may write:
2 (g — 1) (e 2} T = 0.85 (rahim VHH {13

As an example (of possible interest in the

onperation of neutron velocity selectors), we

have that for 3000 K neatrons at a distance
= 1m, the diffraction width wonld he:

L

an

= 0.27 X 107 e,

Borrowing from the terminology of
oplies, we could suy that in elassical mechanies
n shutter casts o sharp shadow n time, ie.
the heam current jumps snddenly from zero
to the stationary value a2t ¢ = T, while in
spuantum merhagics there i o diffreetion eifect
in time as illnstrated in Fig. 3. When we
nake Planek’s, constant A tend to zero, we see
from (13) that the diifraction width  tends al=o to zero, and the guantum
mechanieal eurrent reduces 1o the classieal current, ns one should expeet.

The snalogy between ibe transient ewrent (113wl the diffraction
phenomenn in opties, mises the quostion whether the transient. ewreents for other
types of wave equations show this analogy. W shall see in the Tollowing seetions
that this iy not the ease, and that only when ¢ obeys the Sehriidinger cquation,
does it resemble the two wuave functions that appeur in Somuerfeld, theory
of diffruction.

The transient. eurrent {(11) inereases monotonically from the very moment
in which we open the shutter, and therefore, in prineiple, an observer at o distaner
£ from the shutter eould detoet. purticles before a time {(r7¢), where ¢ i= the
velucity of light. This would imply that some of the particles travel with
veloeitios larger than e, and the error ix due ol course, to employing the non-
relativistic SchriMinger equation in the analysis,

We shall discuss in the following sections the transieut wave [unetions
associated with two relativistic equations, the ordinary wave equation aml the
Klein-Gordon equation. 1t will e shown in this case, that at a distance from
the shutter, the wave tunction & (r, ) is zero for ¢ < (z./7), thus safeguarding
the relativity principle. When in the solution for the Tlein-Gordon equation
we make e—» it will reduee exsentialiy to (13), thus giving the transient current
{1)in the non-relativistic  approximation.

!
|
|
b

Fig. 3. Dilfraction in time

IIl. THE OHRDINARY WAYE EQUATION

We shall now deal with the same problem of the last section, but assume
that ¥ satisfies the ordinary wave eqguation:

& (a'praet)y = (ra8) (14
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I initinlly ¢ and its fime derivative are given hy

¥(x.0) = Plz), Q¢ io=G() (15
then as is well known (Wensrer, 1933}, #(r, ) has the form:

giz,f) = %[p‘(«- +et)+ Fle —cl) + ch'f:(::(:’)d::’] 1))

Eiat-1

For ¢ <0 when the shutter was ¢losed, we had on the left wide of the
shutter:

¥, 0) = exp [ik(e — c0)], for £ <0
This implies that at £ = G we have:

F{z) = exp (ikx), G (x) = ~ dke oxp Gha),if e <0, (17
while Ma) =Glz) =0 fz >0,

[ntraducing 1hese iritial conditions in (L6} we obtain:
0 i t< (z/c)

¥ty = {!xp[fk(x—r:.‘)]— ;— i > (/). (19

The absolute value of the wave function jumps suddenly to the value
12 at t = (¥c), and it oscillates periodically thereafter. This behavior has
certainly no resemblance to the diffraction in time effect obtained in the previous
section.

IV. THE RELATIVISTIC SHUTTER PROBLEM

If we wish to extend the discussion of the transient effects of section
IF, to a beam of electrons at relativistic energies, we would have, of course, to
replace equation (1) by Dirac's equation. A fundamental change creeps in though
by the fact that the wave function will involve the negative, as well as the positive
energy eigenfunetions. A complete description of the phenomena would
necessitate then the introduction of hole theory, and the single particle picture
would have to be abandoned.

As our main interest concerns the transients associated with the different
wave equations, we shall not attempt to discuss here the problem when hole
theory is involved, but rather will restrict ourselves to the single particle picture
in which states of both positive and negative energy are available. Furthermore,
the features of spin and statistics are irrelevant to our analysis, so that for
simplicity, instead of Dirac's equation we shall use the Klein-Gordon equation.
We shall briefly indicate though, at the end of this section, the relation of the
solution for the Dirac equation with the solution to be obtained for the
Klein-Gordon equation.

The wave funtion ¢ (z,{) satisfies now the equation:
(@ 0r") = " (Fp/a0) + W'y, (19)
where: u = {me k).
I initially ¢ and its time derivative are given by:

¢ (2,0) = P(2), /80,0 = G (), : (20)
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then using the Fourier integral theorem, we obtain:

¢ ) = (2n) ¥ f " @ eoneet) + e 4 (9 it ecd Joxp o) e, 1)

where §(x),g («} arc the erdinary Fourier trunsforms of F(x), 6{x) and
e = (& + oK
For ¢ < 0, when the shutter was closed, we assume as in the previcus
section, that:
¢ (o, ) = exp [i (kr - Ec)), jor x <0

where E is the energy in units of reciprocal length, ie.
E = (&* + 45%. This implies that at { = 0 we have:
F(z) = exp (ikz), G{2} = — iEc oxp (fhr) forz < 0, (22)
while F(z) = G(x) =0 for 2 > 0.

The Fourier transforms f{x),g(s) become then (Iluisespraa, 1943):
109 = a5 [ e lie - 9xdir ~ @alio, - 8) 9
= (/2 {8 — ) + i [ (e — 8]}
g(x) = — iEcf () . 24
Intreducing {23,21) in (21) we obtain:

el ) = ‘;— oxp [i (ks — Eet) ]
— {txs)! f’-/:: (e — &) (e + E) vxp [i(x.at - t—c:‘-)] ¢ dx

- (4xd)? P-/:: (k= &) "e— E) explilr + ect)] < 'd . (25)

As usual, when d¢ functions wre employed, the integrals must e
interpreted in the sense of Canchy’s principal value (Warrraker & WaTson,
1043) ns indicated _hy the 2. The initial conditions at 2 = 0 ecan be obtlained
from {25) by closing the contowr in the x-plane, from above if 2> 0 and from
Below if 2 <0 The first and =econd integrals in (25) give the contribution
from the positive and negative cnergics respectively.

To eliminate the branch points at « = * { u in (25), we introduee in
the first integral the change of variable:

=6+ e (26)

from which we have: « = (o /2t — ™), e= (/D& + ¢ The limits
of integration [— =, ] for the « transform inte [0, =] far the [ .

In the second integral we introduce 5 ¢ corresponding to negative energies,
ie, #=pa "(x — € Itisclear that with this {, the integrand in the second integral
hecomes the same function of ¢ that we have in the fimt integrand.  Furthermore,
for this { the limits of integration are [ — e, o).
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Combining the twn inlegrals we obfain;

$lz,0) = -2L exp [i {kez — Ec:‘)]

~{2xi)"t P aEs“H) (t— 27 () exp {'lz“fnl(z-’ —e)y— (e + ct).r“]} at

(@7
whore: 2z = ,u"’(k -+ E)

The integrand of (27) has a pole ut ¢ = z and ah essentizl singularity
at ¢ = 0, but the integral is convergent, and in the appendix it is evaluated by
a suituble deformation of the eontour.

Trom the analysis given in the appendix, it follows that:

¢, =0 if t<{rse), (28a)
ylr,t) = expilke — Kel) + %Jo(q)
- :E . (e/82)" T, (o), T L> (20, (28D)

where: £ = [(ct + @ffer — 1} )%, n=p (@ — 5%, {20}
and the J, arc the Bessel functions of order n.
The wave funetion \b(x,.E) of (28) ratisfies the Klein-{iordon equation,

ag can be easily seen wheh we express this equation in terms of the variables ¢, 9
of (29}, so that (19) takes the form:

F e TR & =) LU LI
As B J () is » solution of (30) for aby a, we see that each term of the series in
(284) satisfien the Klein-Cordon  eguation.

For n =0 the solution Jo{afc® & — Iﬂ)%l of the Klein-CGiordon equation
i well known in quantum electrodynamies {(1hirae, 1934; ScHwikorr, 18419).
Yor n # 0 the solutions 2.7, (g} do not seem to have had » wide use in guantum
field theory, possibly heemse they are not in themselves Lorents-invariant,

but heeome so, only after multiplication by 7.

When the rest muss of the particle vaniches, theth p —» 0 and z —> =, 5o
that all the terms in the sevies of (286) vanish except Jo(n) which becomes 1.
The solution (28} reduces in this case, to the solutivn (18) of the ordinaury wave
equation ns we shoulld expect,

We are now interested in the asymptotic values of iz, {) when {—> (z./¢}
and when { —» @ . In the first case, we dee from (20} that y —= 0 and we can
repluce the Bessel functions by their asymptotic values:

Jig) > (FaH) g (31a)

The series i (28b) hecomes then:

i_'éo (6/12)" J.(0) —> "t_o ()" (g0/2i0)" = exp (En/26z)  GBID)



DIFFRACTION IN TIME 209

Far { = {x,¢) the series takes the value erp [z‘ (k-—-E)x] and the asymptutic
form of ¥{r, 8 is {):

) 1

A, ol - 2 @)
The wave function ¢ (x,f) jumps suddenly from zero fo the value
Yat ¢ = (x7¢), just as in the case of the ordinary wave equation, and it does not
build up continuously from ¢ = 0 as in the case of the Schrodinger equation,
To abtain the asymptotic lorm of $(r, ) when { —= «, we notice first
that in this cuse, £ —> | and g —>» =,  Replacing in the sevies of (280) the J/, (3}

hy their asymptotie vahies;

o (m) — (_‘;f Mr)"K ,:a&[!: - _1— (2n + I),-] , (334)
we pef:
> 3 l % = . . '|
P L _ n . 1
n=a (E/‘Z) " ('?) > Zz " ") n?o ('z) ros [ﬂ 4 (2 n + 1) 'r]
r 7y " g
= (? ") Iof (331)

From its definition 2 = ¢ ' + &) > 1 for any &> 0 so that ihe sevies in
(33bh} converges, and therefore, when 7 —» @ the series in (285) tends to sera,
The asymptotic value of ¢z ,{} when { —3 o, becomes then:

yb(r,t)—-)-pxpi[(k:r - Ec.‘)] . 34
whirh i3 the stalionary form of the wave funetion that we expect.

To pass from the relativistie wave function (280) to the nun-relutivistic
wave function (), we have to take ¢ — =, The simplest way to make this
transition is through the expression (25) for ¢ {x,). When ¢ —» = we see thut
eot = 0 4 &% e tonuds o

eci—rpct + (REZM)EF ..., (35)

where ull the othfr terms of the development. vanish for ¢ —» =, A similar
result holds for Fef.  Furthormaore, when € —» = we sce that (8,7¢ — 1, and
therefore, the negalive energy part of (25) vanishes, while the rest takes the
asxymptotic form:

¢ (x,4) — oxp (— § pet) {'%' exp f [k.r— (hic2/2m) t]
- @) P _/:: (x— &) exp ¢ [we — (B/2m) t]dx}

= ¢Xp (—iyct}%x(x,k,t) . (3G)

(*) The asymptotic behavior of y (xt) can aso be derived, in a simple and rigorous
fashion, from the integral representation of the wave function that is given in the appendix.

— 14—
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The last result follows from the evaluation of the integral in (36), that was carried
in appendix 1 of (A).

It follows from (36} that when ¢ —» =, the trangient current obtazined
with the relativistic wave funections reduces precisely to (113,

Tinally, we would like to remark that an analysis similar to the one
cnrried ahove, can be given for the Dirac wave equation, Choosing a definite
dircction of spin, the Dirac wave function reduees to two components, each of
which can be expresscd, for ¢ > (&), in terms of linear combinations of the wave
function (280) and Jain).

V. ANALOGIES WITH SOMMERFELDS DIFFRACTION THEORY

In the previous sections, the shutter problem for different types of wave
equations was analyzed, and we obtained the corresponding wave functions.
Rather than to compare the related transient currents with the intensity of light
in optical diffraction (as suggested by the form of the non-relativistic current
(11)), we shall look into the analogies between the wave functions themselves,
and a family of solutions in Sommerfeld's theory of diffraction.

For electromagnetic diffraction problems in the plane we need appropriate
solutions of the two dimentional Kirchhoff equation, which in polar coordinates
has the form:

(vt k) o= 00+ r " (agron) + 1 2§38 + Ko =0, (37
where & = (2070 and A is the wave length of the eadiation.

The well known family of solutions of (37) that ix obinined with the
help of the Riemunn surfzce (Baxkr & Corsox, 1939) snalysis of Sommerfeld,
ean be written in the form:

¥ {r,8, 9,) = oxp (i ler} exp (oY) enfo (g}, (38a)
where:

¥ = — exp(—10/4) k)% 5n % (0 —s,), {3813}
and 8, is an wrbitrary parameter,
The x' satisfy (37) us ean be seen from the fact that:

[V3 + k“] ¥, 8,0) = F@ike) " explikr)

2
x| 4oz =~ 2w — 2] w9 eee) | (39)

and ag shown in (4), the right hand side of (39} vanishes,

Despite the fact that the time dependent Schrodinger equation is of
the parabolic type, while the Kirchhoff equation is of the elliptic type, they
have solutions of the form (3) and (38) which are remarkably similar. No such
similarity exists between the two functions (18) and (28) of the hyperbolic
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relativistic wave equations, and the family of solutions (38), so that we do not
expect in this case, a resemblance between the transient current and optical
diffraction effects.

When a semi-infinite perfectly reflecting plane is introduced at
§ = — (x/2), in the puth of an cleetromugnetie wave polarized in the plane and
propagating in the direction 8 = 0, the wave funetion ¢ (v, 8) that satwiies tho
houndary eonditions at 8 = (— /2, 3 72} and {he ssymptotic behavior
at r —» o, becomes: {Baker & Copson, (039),

¢ (,i', 9) = % [x’ (r,ﬂ,l’)} - x (I‘,G,ll')] ' (‘10}

A vorrespending problem for the transient cirrent appears when the
shutter is represented as a perfect reflector, ie. an = potential barrier. In this
case, we must replace in the initial conditions (2), exp (#hr) by exp (Gkx} —
exp (— k), and with the help of (5} we immediately obtain that:

#’(‘5:") =—-£-'[x ('-T’,ku'-)—x(x._k;f)] . (11)

From (40), and assumning that r»>> X, we obtain the characteristic
Fresnel diffraction effect {Born, 1939) for the intensity of the clectromagnotie
wave in the vieinity of 8 = 0. From (41}, and assuming .« >> X, we obtain the
transient current (11), which also shows o Presnel dilfraction effect in the vieinity
of t = T, where T i3 the time of flight T = (&./v).

VI. CONCLUSION

It is well known that ordinary diffraction phenomena for beams of
particles are closely associeted with the position-momentum uncertainty relations
(HKISENBKKG, 1930). The appearance of diffractionin time effects for the transient
current, when an obstacle is introduced or removed from the incident beam,
suggests that these effects are closely connected with the time-energy uncertainty
relation. This is shown to be the cae by analyzing the transient wave
function when an impenetrable spherical potential is introduced into the beam
(MOSHINSKY, 1952). The ratio of the transient to the stationary scattered
current has in this case, dso the form (11). If the wave function is transformed
to the energy-angular momentum representation (MOSHINSKY, 1952), it
ghows that when a seattered particle s detected at & time At alter the introduetion
of the scatterer, there is an indetermination AE in its energy, such thal:

AlAEN b (42)

The x funclinns that sre used in the non-relativistic shatter problem,
uppear also (in the form X (r, £ &™,1) where r is the distance from the scatterer
and %' the momentum of the incident particles) in the dynamical description
of the scattering by an impenetrable spherical potentinl (MosHiNsky, 1952},
and in the resonance seattering processes (A). These functions aceount then for
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the transient effects due to the time-energy uncertainty relations. When a scatterer
has a structure, such as in the single level scattering process (A), there are other
terms in the transient wave functions that depend on the poles of the scattering
matrix. Thetransient effects that these terms
giveriseto in the current, are then no longer
general quantum mechanical effects, but are - T -
related to the specific nature of the scatterer. s ~
The important role that the x 7 \
functions play in the dynamical description f 3 \

of non-relativistic  scattering  processes, "' 69 E“
suggests that their relativistic generalization, = 4 @ i
given by the wave function ¥ {x,#) of (28), 1 = &
may play a similar role in any dynamical \ /
description of relativistic scattering N s
Processes. ~ -~

The author is indebted to Professors =
N_I' S'_ Vallarta and J. Lifshitz for helpful Fig, 4. Integralion comtour for the
discussions. relaiivistie wave funetion

APPENDIX

In this appendix, we shall evaluate the integral in (27), so as to determine
the explicit form of the relativistic wave function.

Instead of taking the principal value of the integral in (27), we shall
make the integration along the contour C of Fig. 4, where the singular points
t = 10,2 of the integrand, are bypassed from zhove by means of the semicireles
¢, (0 From Fig. 4 we obtuin:

e [:"fff:“,/c_[ (43)

The integral around ¢ must he interproted as the limiting value when
the radius of the semi-circle tends to zere.  As the integramd hus a simple pole
at ¢ =z, wo obtain:

- f; wi Res (t = 2) = =i exp i [(kz — Ee)] . )

From the form of Lhe integrand in (27), we see that the first twe integrals
on the right hand side of (43) vanish when § —» 0, sssuming that e, ¢ > 0. As
the intoprand has nn essential =ingularity at ¢ = 0, but i= regular outside this
point {except for the pole at | = 2), we conclude that the firs two integrals of
{44) add ta zero for any § < 2,

From (27} and {43} we obtain then:
¥ (2,0 = ~ (211:)"£(; +2 G- @) epi(uD) [~y

-+ ])ar (48)
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When = > of we ean close the contour from above, as the contribution
from the dotted semi-cirele is clearly zero, and the infegraml is apalytic in that
part of the § plane above {, we conclude that:

v, =0 jfr>el, (46)

When z < et we elose the contour from helow,  Again the contribution

of the dotted semi-cirele is 2ero, but now we have the singular points ¢ = Oz
inside the contour.  As the singular points are not hrsznch points, we obtain that:

vl = (22077 [ﬁ + _/c;] JJerx <el, “n

where the contowrs €7, Cs are now the closedd eireles snrrounding the points 0
aml 2 respeetively.

The second integral in (47) i given hy fwiee the value of (4. For
the first integral we intreduce the variales £, 9 defined by (29), and changing to
the varluble of integration given by:

&= i, {+8a)

wo oblain:

e [ =y f [0 =) = o) Jemp| ale - 10 v,

{48h}
where 2/ = — {£7" 2, and the rwlius of €f i less than |2"{ = t7le .

Using the well known formula (Wurrraker & Warsow, 1H31

exp [é wlt — 3"”1)] = "E" ¢ d ()

R ACNITEAOR (19)
ug well as the faet that for || <|2'] we lhave:
VS ;n &, (9b)
we obtain straightforwardly that:

@ xi)" ﬁ = Res (¢ = 0)

R L A AORE FACR (50)

Intreducing this result into (47), we obtain finally the explicit forin of
¥ (x, ) for = < ¢ as given by (285).



214 MARCOSM OSHINSKY

BIBLIOGRAPHY

BAKER, B. B. & COPSON, E. T. (1939), The Mathematical Theory of Huyghens Principle.
Oxford: Clarendon Press.

BORN, M. (1933), Optik. Berlin: Julius Springer.

DIRAC, P. A. M. (1934), Proc. Camb, Phil. Sac, 30, 150.

FESHBACK, PEASLEE & WEISSKOPF (1947), Phys. Rev., 71, 145

HEISENBERG, W. (1930), The Physical Principles oj Quantum 'Theory. Chicago: Chicago Univ.
Press.

HEISENBERG, W. (1943), A. Physik, 120, 519.

JAEGER, J. C. (194)), Anintroduction to the Laplace transformation. London: Methuen & Co.

JHANKE, E. & EMDE, F. (1945), Tables of junctions, [4th. ed.]. New York: Dover Publication.

MOSHINSKY, M. (1951), Phys. Rev., 84, 525.

MOSHINSKY, M. (1952), Rev. Met. Fis, 1, 28.

Sen WINGER, J. (1949), Phys. Rev., 75, 678.

SOMMERFELD, A, (1935), Theorie der Beugung. |in v. Mises, F.] Differential- und Integral-
gleichunyen der Mechanik und Physik, [chap. X X]. Braunschweig, Fried. Vieweg &
Sohn.

WEBSTER, A. G. (1933), Partial Differential Equations of Mathematical Physics, [2nd. ed.] New
York: G. E. Stechert & Co.

WHITTAKER, E. T. & WATSON, G. N. (1943), Modern Analysis [American ed.], New Y ork.
Cambridge Univ. Press.

WIGNER, E. P. (1946), Phys. Rev., 70, 15,

WIGNER, E. P. (1949), Am. J. Phys, 17, 99,

DISCUSSION

BECK: | would like to ask about the possibility of observing such a phenomenon.
Would it be possible, for instance, to find deviations from the stationary treatment of the
scattering by a molecule, the nuclear molecules?

MOSHINSKY: What would be the experimental arrangement that you have; in mind?

BECK: | have a molecule, or a crystal. In the stationary state we get the usua
interference phenomenon. If now we let incide the wave, packet for a fraction of time, then
this could give you deviations which would be observable. | do not know whether it is possible,
but this would be very useful to be tested.

MOSHINSKY: First of all, then; is a diffraction of time, so to say pure, in the sense that
it has nothing to do with the structure of the scatterer but just on the fact that a wave packet
is limited to one half of the space. Now, we can see that there is a definite width for
the diffraction effect r = 0.85 {x X &/m +4 . Thiswidth would be larger the lower the energy
we could achieve. If one could go to very low energies, for example, when one is working with
thermal neutrons at very low temperatures, the diffraction width could become large enough
to be observable.

MEDINA: | just want to have something clear. | think you made the remark that
the result obtained from the Klein-Gordon equation is similar to Dirac's equation. That
seems very surprising.

MOSHINSKY: The similarity between the wave functions for the Klein-Gordon and
the Dirac equations that | mentioned, concerned the mathematical functions that appeared
in both.

VALLARTA: Prof. Bohm mentioned in his lecture a while ago that there was no known
way of checking the transient solutions of the Schroedinger equation and that all the known
checks have to do with the stationary solutions of the Schrodinger equation. In this analysis
that Moshinsky has made, there is an instance of a transient solution of the Schrodinger equation
and of the corresponding Gordon-Klein equation. In principle it should be possible to check
this experimentally because the times that are involved here are not entirely beyond present
experimental techniques. So, | think it has a bearing on the previously discussed question.

MOSHINSKY: | would like to point out that the last problem discussed corresponded
to the scattering of a particle by rigid sphere. This could be applied to Bohm's equation of
motion for a particle that is scattered by arigid sphere.
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BOHM: In regard to the remarks by Professor Vallarta, | believe that what he says is
completely correct. | would like to add that if you did this test at a very low temperature
so as to get down the rate of collision and simultaneously used some material that had been
subjected recently to very intense nuclear activity, so as to encourage the discrepancy between
the probability and the Psi square, this might provide a test if the experiment was done very
precisely.

G. WATAGIIIN: If you consider an ideal experiment which works for such a sort time
that you have a great uncertainty in the energy, then what kind of new phenomena are you
expecting to obtain from Dime's equation, for instance, when there is a polarization of vacuum.

MOSHINSKY: The analysis which has been made here concerns the single particle picture
in both the Klein-Gordon and Dime's equation, Now, of course, | have to use both the negative
and positive energies, and if one interprets the negative energies in connection with the creation
of pairs, then one will have them during a very short time. When the stationary state is
established, we have a plane wave of positive energy throughout space and the transient effects
that, involve both positive and negative energies, will have disappeared.

G. WATAUHIN: Have you considered this case of Dime-equations?

MOSHINSKY: Yes, 1 have considered the case when a Dime equation is involved.






Relationships Between Particle and Field in
Covariant Fidd Theories

RALPH SCHILLER*

Syracuse University, Syracuse, N. Y., U. S A

We have been able to develop a general approach to the very specia
problems that one faces in classical field theories that are invariant with respect
to transformation groups that contain arbitrary functions. We have been
especialy interested in applying our method to the coordinate transformation
group of covariant field theories, but we have found that the group of gauge trans-
formations of electromagnetic theory can servo us as a useful guide.

In each case we have? shown that the in variance properties of the theory
cause the field equations to determine some aspect of the motion of particles.
These particles are treated as regions of space where the field equations are not
satisfied. The equations that determine the motion of the particles are in the
form of two dimensional spatial surface integrals whose values do not depend
upon the surface of integration chosen. The electromagnetic; field equations
give rise to conservation of charge, while the field equations of covariant theories
lead to the four conservations laws of energy and momentum for the particles.
We have derived general expressions for these conservation laws. They are the
generalizations of the approximate equations of motion found by KINSTEIN,
INFELD and HOFFMANN in the general theory of relativity.

These' restrictions on the motion of the particles arise because the field
equations satisfy a set of differential identities. In covariant field theories they
are four in number and they are called the generalized BIANCHI identities because
their origin stems Jrom the same invariants properties as the well known BIANCHI
identities of the genera theory of relativity. Electromagnetic theory possesses
a single gauge identity. 1 n the LAGRANGIAN formalism these identities can be
written in the form of strong conservation laws, and the equations of motion
can then be shown to be the integral form of these.

By making use of the invariance properties of the action integral we
have been able to free ourselves from the LAGRANGIAN formalism and to set up
a consistent HAMILTONIAN scheme. We have found general expressions for the
primary and secondary constraints and the equations of motion of particles.
The constraints are vanishing relations between the field variables and their
canonically conjugate momenta. These constraints, together with the equations
of motion, are associated with a generating functional that arises from the
application of an invariant variation to the action integral. This generating

* Now at the University of Silo Paulo.
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functional is the generator of the infinitesimal transformations under which
the theory isinvariant. The functional and its total time derivative are shown
to vanish, and since it depends upon arbitrary functions, the coefficients of these
arbitrary functions must be the constraints. We have aso been able to show
that the constraints and the HAMILTONIAN form a function group, by noting that
the POISSON brackets between two different generating functionals is a generator
of the same type. When we make the transition to LOHENTZ covariant theories
it is possible to show that the new generating functional defines the conservation
laws of linear and angular momentum for the fields.



Causal Explanation of Probability Distributions in
Classical Satistical Mechanics

D. BOHM
Universidadc dc Sao Paulo, Sao Paulo., S P., Brasil

Classical Statistical Mechanics is usually based on the hypothesis that
thermodynamic systems constitute a statistical ensemble with a uniform
probability on any surface of constant energy in phase space. This hypothesis
has not, however, been verified experimentally. For macroscopic averages are
so insensitive to the assumed distribution that the agreement between thermo-
dynamics and statistical mechanics provides almost no information about the actual
distribution of systems in phase space. Moreover, it is clearly impossible by
direct measurements of the system of atoms to verify that the probability
distribution on a surface of constant energy is really constant. Although the
precise form of the distribuiton is of no importance for equilibrium problems,
it could be important in systems far from equilibrium.

We wish to discuss here a program for using the information supplied
by the laws of motion to make possible an improved basis for statistical mechanics.
The basic property of the orbits that interests us here is the extreme instability
arising from the fact that the angle of deflection in collision is very sensitive to
the initial positions and velocities of the incident particles. We se then that
systemsoriginally contained in a small rectangular element in phase space will tend
to separate from each other after many collisions. Although according to Liouville's
theorem, the total volume occupied by the systems remains constant, the
.shape of the volume element will alter radically, taking the form of a chaotically
tangled thread-like structure, which ultimately covers a very wide region of phase
space. Although the probability distribution at this time actually fluctuates
chaotically and violently as a function of position in phase space, these fluctuations
take place on such a small scde that macroscopic averages are essentialy the
same as those obtained with a continuous distribution. Moreover, if we consider
all those systems arriving at a given time /, in a given rectangular element d ,
the reversibility of the equations of motion permits us to deduce that they came
from a similar chaotically tangled thread-like element in the distant past dW.
Thus, although the density following a given point remains constant, the mean
density in a small element dQ (which is all that is significant for macroscopic
averages) is the average of densities coming from the chaotically tangled thread-
like element dQ' described above. On the basis of this fact, we shall show that
this mean density approaches a constant after many collisions. The process
is analogous to what happens when a droplet of insoluble fluid ink is stirred up
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into a glass of water. Ultimately we obtain what to the unaided eye seems to
be a continuosly black fluid, whereas a microscopic examination would disclose
a chaotically tangled thread of black ink suspended in a transparent background.

To sum up, we have shown that an ensemble of systems starting in
arbitrarily small domain of phase space d will continually be transformed into
an ensemble that is uniform for all macroscopic purposes. But we know on
the basis of common experience that no matter how our ensemble of systems
starts out, there will always be small uncontrollable fluctuations or errors in the
initial conditions which cause the ensemble initially to occupy a small volume
element dit.  Thus the hypothesis of probability distribution can now be introduced
in an experimentally verifiable way. Possible methods of replacing the concept
of probability in statistical mechanics by a concept of chaos will be discussed with
details to be given at the meeting.



Some Experiments on the Annihilation of Postrons

S. DE BENEDETTI

Carnegie Ingtitute oj Technology, Pittsburgh, Pa., U.SA.

It is known that the rest mass of a pair of positive"and negative electrons
can be transformed into electromagnetic radiation. If the two particles collide
without interacting with any other body, the emission of at least two quanta
is necessary for conservation of momentum. When, in particular, the electron
and positron annihilate at rest, the two quanta will be emitted in opposite
directions, each of them carrying an energy me?. This simplified view, however,
is not a complete description of the phenomenon of annihilation, which does
not necessarily occur at rest, and which can occur with the emission of an arbitrary
number of Y-rays, provided that the sum of their energy, momenta, and angular
momenta equals the energy, momentum and angular momentum of the initial
electron-positron-system.

Here, | will report on a series of investigations on the details of the
annihilation process; these have been carried on in the last few years at Washington
University and at the Carnegie Institute of Technology, and are presently
continued at this latter Institution.

ANGULAR DISTRIBUTION OF TWO QUANTUM ANNIHILATION RADIATION

The deviations from co-linearity of the two annihilation quanta, and
thus the momenta of the annihilating pairs, were studied with a coincidence
method (DE BENEDETTI et al, 1950). Two anthracene scintillation counters were
located at a distance of 240 cm from each other, with the source of positrons half
way between them. The source consisted of a thin sample of Cu®*, surrounded by
gold foil, in such a way that most of the positrons annihilated in gold. One
of the counters was displaced perpendicularly to the line connecting it to the
source, and the number of coincidences was recorded for different positions, at
intervals of a few mm. It was found that the coincidences did not vanish
immediately when the two counters were out of line with respect to the source,
and this indicates that the annihilation 7-rays are not always emitted exactly
in opposite directions. The counting rate decreased exponentially with the
angular distance from alignment, the mean angle being 4.5X10°® radians. This
result is in agreement with DUMOND'S observations on the width of the aninhilation
line (DIT MOND et al., 1949), and has since been confirmed and extended to other
positron absorbers by WARREN h GRIFFITHS (1951).

It is natural to associate the angular deviation to the motion of the
electron and positron of the annihilating pair. In fact, it is immediately seen
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that the angular deviation, expressed in radians, is equal to p/me, where p is the
momentum of the center of mass of the annihilating pair. Thus, it follows from
this experiment that the momentum of the annihilating pair is of the order of
magnitude of the momenta of the valence atomic electrons, or of the free electrons
in a metallic conductor. One is therefore led to the following conclusions:

a) The positrons rarely annihilate against the electrons of the deeper
atomic shells;

b) The momentum of the annihilating positron is not larger than
that of the conduction electrons in a metal.

A theoretical analysis shows that one can expect in fact that the positrons
survive long enough after the end of their ionized path to practically reach thermal
equilibrium with the lattice of the solid substance in which they are stopped.
The positrons are then so effectively repelled by the electrostatic field within
the atoms that they are sure to annihilate only with the outside (or with the
free) electrons.

HALF-LIFE OF POSITRONS IN CONDENSED MATERIALS

The theoretical value of the annihilation cross section is wviefe (Where
ro is the classical electron radius) if one assumes that the relative velocity v of
the electron and positron is small compared to the velocity of light ¢, and if one
neglects the effect of electrostatic attraction between the two members of the
pair. Using this value for the cross section, and taking into account the fact
that only the valence electrons contribute to the annihilation, one is led to predict
positron lives which could easily be measured with present techniques: for Li, Na,
K, one obtains respectively 2, 3. Gand 7 X 10° sec. However, it is not legitimate
to neglect the effect of Coulomb attraction, and this reduces considerably the
positron life. Though it is difficult to compute this effect accurately, one can
estimate its importance by using a model which should be approximately valid
at least in the case of the alkali metals; the positron is considered at rest, the
presence of the lattice is disregarded, and the free electrons are treated as a FERMI
ges. With this model one obtains half-lives of 1.2, 1.8 and 2.9X 10"° s for
Li, Na and K respectively.

After developing suitably fast coincidence equipment, an experiment
(DE BENEDETTI & KICHINAS, 1952) was performed in order to find if differences
in positron half-lives could be detected in various absorbers. The method of
delayed coincidences between the nuclear 7-rays of Na? and the annihilation
radiation from the positrons of the same source, was used.

Two stilbene counters were pointed at the source, at about 90° from
each other. Their biases were so adjusted that a coincidence was recorded only
if a nuclear 7-ray was detected in one of the counters, and an annihilation 7 by
the other. In the disposition of the absorbers specia care was taken in order
to avoid differences in the amount of energy degradation of the 7-rays, which
could have produced spurious delays. It was found that in all metals tested,
including Li, K, Al, Cu and Pb, the life of the positrons was the same within the
experimental errors which were about 5X107'* sec. Sulphur, graphite, NaCl
behaved in the same manner, while other substances, like quartz, paraffin and
water exhibited a measurably longer half-life, the apparent differences being
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1 or 2X10™™ sec. These results have been confirmed and extended by BELL &
GRAHAM (1952) who, following the decay curves further than we did, have shown
that certain substances (for instance fused quartz and polystyrene) display two
decay components, one of the order of 10° sec, and another of the order of 10° sec.

It is premature to attempt an interpretation of these results, and, waiting
for more data, one can only put forward some conjectures. Ft seems improbable
that the equality of half-lives in metals, which contradicts the expectations from
the model previously discussed, could be explained by the annihilation with
inner electrons, which were neglected. It might become legitimate to ask whether
the positron and the electron form some kind of state, which could be of the same
nature in all metals, and account for the observations with its fast decay. It
must be kept in mind, however, that such state could not be the positronium
atom, for which there is no room in the metal lattice and which would be revealed
by an anomalous amount of three-quantum annihilation. The longer half lives
of other substances are probably connected with their chemical and crystaline
properties. It is possible that this work, which was started as a study of
the properties of elementary particles, might result in providing a useful tool
for the investigations of the nature of the chemical bond and of the structure
of solids.

THREE QUANTUM ANNIHILATION

The phenomenon of three quantum annihilation is theoretically predicted
to happen when positrons and electrons annihilate from the triplet state. However,
this phenomenon has a small cross section and the expected probability of its
occurrence is, for random collisions of positrons and electrons, only 1/370 of the
probability of 2-quantum annihilation (ORE & POWKLL, 1949). Furthermore,
it is more difficult to detect than 2-quantum annihilation, since the radiations
emitted are not co-linear, but only co-planar.

The experiment (DE BENEDETTI & SIEGEL, 1952) was undertaken with
a source of No™ (around 10° dis/sec) whose positrons were allowed to stop in a
solid. In order to increase counting efficiency Nal(Tl) scintillators were used.
Three of these were connected in coincidence; in order to reduce as much as possible
the effects of the nuclear ¥-rays of Na~~ (which only contribute random counts),
each counter was aso connected to a differential pulse height selector, which
admitted pulses only in the desired region of pulse height. The pulse height
selectors were aso used for the study of the energy of the three coincidence 7-rays.
The effect was sought with the three counters coplanar with the source, and
the background was measured by rotating one of the counters out of the plane,
though mantaining it at the same distance from the source.

The counting rate with the counters coplanar was about 2c/min, with
a background of 1 ¢/m with the counters not coplanar. After a study of counter
efficiency and an analysis of the geometry experiment, it was found that the
difference was consistent with the value of 1/370 for the ratio 3¥/2v. The
experiment agrees with the theory within the errors (largely due to counter
calibration) of 20%.

DEUTSCH'S discovery of the formation of stable positronium atomsin
certain gases, (DEUTSCH, 1951) made it possible for us to obtain stronger sources
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of three quantum annihilation and to proceed to a more detailed investigation
of this phenomenon. This is because each triplet positronium atom behaves
as an isolated stable system which must annihilate with the emission of three
gamma rays; hence, the ratio 3v,/2y could be ashigh as 3, instead of 1/370, if all
positrons led to the formation of positronium.

To test this prediction a A/a" source of a strenght comparable to the
one previously used, was deposited on thin ZAPON support and enclosed in the
center of an aluminum container 2.5 cm in diameter, In a typical experiment
the container was filled with SF® vapor at various pressures. The triple
coincidence counting rate was found to increase about linearly with the density
of the vapor, until it reached 33 ¢/'min at 0.060 g/cm?. With this source, and
using the differential pulse height selectors, we were able to study the energy
of the coincident 7-rays for different angular arrangements. It was pleasing,
if not surprising, to verify in an unambigous manner the prediction of the laws
of conservation of energy and momentum. The data obtained will also yield
the angular distribution of the three quanta, but have not yet been analyzed in
this respect.

We plan to continue our study of the physics of three quantum
annihilation with an experiment on the polarization of the 7-rays; and we consider
the possihility of investigating the chemical properties of positronium by observing
the influence of different geses on its formation and stability.
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DISCUSSION

GOMIDE: 1 would like to ask you a question about the scintillation counters. Why
did you use sodium iodide crystal in the second experiment instead of anthracene crystal as
in the first experiment?

D E BENEDETTI: I n thefirst experiment, we used anthracene crystal because stilbene
and sodium iodine had not been found at that time. In the second experiment, we used stilbene
or liquids, because we needed speed in the half life determination. In the third experiment
we used sodium iodide counters because of their high efficiency to 7 rays and because of their
energy resolution.

OCCHIALINI: What do you anticipate that would happen i f i n your experiment for
the measurement of delays you would compare water and then ice, or sulphur, in the liquid
state, and in the crystalline one?

D E BENEDETTI: | did not try ice personaly but | know that it was tried by tho
Canadians. | think that they got a measurable life as we did in water. However | do not
trust comparing results of two different laboratories in such delicate tilings,

OCCHIALINI: I am trying to hint that the effect can be acrystalline one, and not a
molecular one.

D E BENEDETTI: I n effect the Canadian group have found that there is a differenco
between crystalline quartz and fused quartz,
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RUARK (1945) first called attention to the possibility that a positron
and an electron may form a bound structure analogous to the hydrogen atom.
He proposed the name positronium for this quasi-atom. During the past 18
months the author and coworkers have made an experimental study of positronium
(DEUTSCH 1951a, b; DEUTSCH & DULIT, 1951; DEUTSCH & BROWN, 1952). It is
the purpose of this paper to present the methods and results of this study.
Theoretical predictions concerning the properties of positronium have been
published by WHEELER (1946), PIRENNE (1947), BERESTETSKII (1949), ORE (1949),
FERRELL (1951), and others. The main results of the theory are the following:

The gross structure of the energy states is identical with that of hydrogen
except for the effect of the smaller reduced mass. Thus, disregarding all fine
structure the positronium energy terms have the values &, = — myc®a®#34%, just
half of the corresponding hydrogen terms. In particular the ionization energy
is 6.8 ev. Fundamental differences between the fine structure of positronium
and that of hydrogen arise from three factors: 1. The symmetry in the motion
of the two particles causes shifts due to orbital and spin-orbit interactions. These
are mainly of interest for excited states which we have not investigated
experimentally. 2. The large magnetic moment of the positron compared with
that of the proton makes the magnetic spin-spin interaction of the order of the fine
structure, i.e. mC%&" while the corresponding interaction in hydrogen only produces
hyperfine structure. 3. The possibility of annihilation of the pair. This
gives rise to a new short-range interaction characteristic of the particle-antiparticle
combination. This "virtual annihilation" term raises the energies of triplet
states but does not affect the singlet levels. In particular, the ground state is
split by both the magnetic and the annihilation interaction, the®S state called
ortho-positronium lying higher than the 'S para-state. The splitting, to
the order considered here is given by AW = mae® 7o'/ 12 = 2.044 X 10° M "see.

The behaviour of these two states with respect to real annihilation is
of special interest. The singlet undergoes annihilation at the rate A = 8 X t0®
sc'! with the emission of two quanta of energy mC? each, in opposite directions.
Two-quantum annihilation is forbidden in the ortho state. It decays ORE A
POWELL (1949) at the rate x = 7 X 10° sec'* with the emission of three quanta
having a continuous energy spectrum. It is this "forbidden" decay which is
used to detect and investigate positronium.

— 15 —
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The author has demonstrated (DEUTSCH, 1951a) that positroniumi s
formed abundantly and is stable against collisions in many gases. It is observed
when positrons from a radioactive source are stopped in the gas. When
positronium is formed, one quarter of the positrons decay by two-gquantum emission
with a mean life of 1.25X10° sec, too short to be observed by us. Three
quarters decay with a mean life of 1.4X107 sec. which is conveniently
measurable. This mean life is independent of the density in gases in which
positronium is stable. The gamma-ray spectrum is continuous and this feature
makes it readily distinguishable from the two-quantum process. On the other
hand, when positrons are annihilated without forming positronium this occurs
overwhelmingly by the two-quantum process with the emission of a discrete
gamma ray "line" of 0.51 Mev. The decay rate under these conditions must
always be proportional to the density of available electrons. In a gas this
means proportionality with pressure.

The life-time was measured by the method of delayed coincidences
between nuclear gamma rays emitted from the source and annihilation quanta
arising in the gas. The apparatus will be described. In most gases the decay
curves indicated a mixture of decay processes. In one gas, freon, the life-times
wen? sufficiently different over a convenient range of pressures to permit a good
measurement of the pressure-independent decay constant of ortho-positronium.
The result (DEUTSCH, 1951h) was A= 6.8 + (0,7 X 1 see™. At the time of
these experiments three different theoretical results had been published for this
life-time. The experimental result is in excellent agreement with one of these
(ORE & POWELL, 1949) which has since been shown to be aso theoreticallyt he
correct one.

The gamma-ray spectrum was observed by means of a scintillation
spectrometer. Appropriate lead collimation assured that only annihilation
radiation arising in the gas was recorded. A quantitative measure of the relative
amounts of two-and three-quantum annihilation was made possible by the fact
that in certain gases orthopositronium is destroyed or "quenched" by collisions.
In these gases, at sufficient pressure, the decay constant proportional to gas density
and the gamma ray spectrum is a pure line spectrum. By observing the chance
of the gamma ray spectrum as a function of partial pressure of the quenching
gas we found two groups of gases whose quenching cross section per molecule
is of the order of 10 cm". These are the odd-electron gasss NO and VOj and
the halogens. The former probably convert ortho-to para-positronium by electron
exchange while the latter may form positronium "compounds'. Oxygen has
a quenching cross section several hundred times smaller than the gases mentioned
but still large enough to quench effectively at all triplet annihilation at partial
pressures above about 1/2 atmosphere. Of numerous gases studied these are
the only ones with an appreciable tendency to destroy positronium.

In most gases about 15 percent of the positrons form positronium. In
order to capture an electron from a gas molecule a positron must have kinetic
energy of at least (V; — 6.8) ev where V; is the ionization potential of the gas.
For kinetic energies greatly in excess of V; positronium formation should again
be improbable. If the statistical fluctuations in the slowing-down process cause
a positron to "miss" the critical energy region it can never form positronium
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unless an external energy source is provided from which it can regain the necessary
kinetic energy. It was observed that the application of a strong radiofrequency
field to argon more than doubled the probability of positronium formation. In
argon the lowest kinetic energy required for inelastic collisions is above that
for positronium formation. In most other gases the reverse is true. Thus the
addition of a small amount of a polyatomic gas like CO, was found to suppress
the effect of the electric field in argon.

The most interesting subject of our experiments has been the ZEEMAN
effect of the ground state. Positronium has no permanent magnetic moment
and therefore no linear ZEEMAN effect in any of its states, since both the charges
and the magnetic moments of the two particles are equal and opposite in sign.
There is, however, a second order effect which, in the ground state, lowers the
energy of the singlet level and raises that of the m = O component of the triplet.
The compenents with s = £ 1 are not affected by the field, In the magnetice
field them = O components represent mixtares of singlet and triplet wave funetions.
in particular the singlet admixture to the teiplel level amounts to e 4, where
o= dugff{A. Phis singlet admixture makes two-quantim annihilation possible
for positromium atoms for which it is forbidden in the abwence of 1 magnetic
field.  Without a field, 34 of the positroniung Jdecays by the three-jpuantum
proeess; in a very strong fiek! this fraction is 1,72, and in intermoediate ficlds it is
FD = V2 4 A - B0 — 2+ A5, to s sufficient approximation. f(1)
wis imesired by abserving the change of the gamma-ray speetrum as a Minction
of f1. The result (DeeTseH & Doer, 1951) i in good agreement with {heoretienl
expeelation and muy b interpreted as measurement of AR theouggh &, [ elearly
shows the existence of the “annihilation foree™ terin in U ground state splitting,

A nweh more precise mensoremenl  was  possible by means of
radio-frequency methods. The separation botween the m =0 and m= + §
compunents in a magoetie field is given by fs = (AF72) ({1 + AV T
possible to induee transitions hetween these conponents by applying an alternating
magnetic field If, of the froguency indicated, at right angles to the steady field 2.
Since the m = 0 rompodent. deeays almost entirely by two-quantum emission if
3 A/ A, the tranwition ean he deteeted by the change in the gamma ray speetrun,
In the rangn g A, << 524 1 the resenanee frequency », the line witdth A », and the
square of the matrix clement for the transition are all proportional to 2% Thus
the fractiounl line width is indeprndent of the magnetic field e¢hosen and is
Avjp=6X 107 Similarly the strength of H, required is independent of 7, A,
must be about 5 ganss to induee {ransitions in ten per centof the m = £ |
component before unnibilation. Radiofrequency ficlds of this magnitude can
be obtained convenicotly in cortain froquency ranges,  Wereleeted 2 value v= 3000
Mejsee because o resonant eavity at this frequency has convenient, dimensions,
electronic equipment is readily availuble and the magnetic field Jf = 9000 guuss
at resonance cun be casity produced, The spparatus used will be described,
The frequency was kepl constant and the magnetic field was varied near resonance,
The change in the gamma spectrum observed in a seintillation spectrometer was
nged to indicate resonanee. A series of meaurements by this method gave results
slightly at variance with above formufa for A». The observed v exceeded the
caleuinted value by 0.7 + 0.15 percent. This discrepancy has now been removed
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by the theoretical calrulation of KawrLus & KLRIN (in press) which takes into
necount o number of corrections of order a'my®, among them the anomalous
magnetic moment of the electron, virtual two-guantum annihilation in the singlet
state, vacuum polarization and some others. If the experimental results, with
the proper corrections, are interpreted as a measurement of AW, the present
experimental value is 2.035 + 0.003 X 10° Mefsee, in excellent agrecment with
the corrected theoretical value of 2.0837 X 10° Me/see.

Experiments are in progress to improve the accuracy of the measurements,
to study the effect of the nature and pressure of the gas on the resonance and
to determine the width of the line.
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DISCUSSION

BECK: Since the experiments fit so well the theory, 1 would like to ask if there is no
possibility to look from another side, eg. at the annihilation life time which may be very hard
to be measured.  But then we may have more chances to find deviations from the theory.

DEUTSCH: The present measurement of the life-time of the triplet state, isonly good to,
something like 10%. The ratio of the life-times can in principle be measured by these magnetic
quenching experiments. The difficulties are of course collision effects. | think the greatest hope
would be to make a beam of slow positionium and then study the width of the line. We are
studying thewidth of the line. | am afraid wewill find that it is greater than the theoretical width
because there are small collision effects. T do not want to discussif. If you are interested,
we can perhaps discuss it afterwards. There are collision effects which are not quite obvious,
in principle. | think this is certainly possible and we will continue to try.
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RESUMO

Com urn arranjo para contagem de raios f3 construido espeeialmente e com um contador
dc janela do mica foram feitas diversas medidas das propriedades dos raios B emitidos por uma
fonte do UXi-UX,. O fenomeno bem conhccido da “focalizacao" dos raios B no contador por
mcio de absorventes foi observado e por meio de um "definidor de focalizacao" pudemos oon-
firmar a interpretacao usual destc fenomeno. Experiencias foram feitas variando-se a distancia
dos absorventes a fonte; pudemos verificar assim qualitativamente que a lei de "scattering”
por absorventes torna-se isotropa para grandes espessuras do absorvente. Verificamos tamb6m
que o acrcseimo da radiacao focalizada com a espessura do absorvente tern a forma de uma curva
de "growth" de uma substancia radioativa; associando isto os fato de que a absorcilo de um
espectro B continuo e aproximadamente exponential, ¢ sugerida uma interpretacao do fenomeno
do "self-scattering”.

INTRODUCAO

O metodo mais comumente usado para a determinacao da energia ma-
xima dosraios B emitidos por camadas finas de substantias radioativas €' o de se
medir a curva de absorcao dessa radiacao em folhas de aluminio. A extrapolacao
visual dessa curva dc absorcao d& a maxima espessura de aluminio que os raios 3
podem atravessar; esta espessura on 'range" extrapolado €' ligada por relacfe
simples a energia maxima da radiacao emitida (relacoes "range'-energia)
(KATZ & PENFOLD, 1952).

Este metodo de extrapolacao tern, porem, certos defeitos; o mais fla-
grante consiste no fato de que as curvas de absorcao medidas sao modificadas
notavel mente por efeitos de "scattering" dos raios 3 nas diferentes partes do arranjo
experimental empregado e nos proprios absorventes. Uma extrapolacao feita nestas
condicoes nao pode fornecer dados muito precisos, considerando-se principal mente
gue os pontos proximos da maxima espessura correspondem a baixas intensidades
e portanto a grandes erros estatisticos. Em particular, se a substancia emitir
raios y a interpretacao dos resultados torna-se ainda mais dificil.

Outros metodos foram sugeridos para a analise das curvas de absorcjao
sendo mais comumente usado o de FEATHER (1938). Este metodo tem seu ponto
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de partida na hipotese de que as curvas de absoreao de diferentes emissores 3
tenham a mesma forma a menos de uma transformagao da escala de abcissas
(espessura dos absorventes). Usando-se urn emissor B (RaE, sugcrido por FEATHER)
corao padrao, cujo "range" extrapolado € conhecido por outros metodos, pode-se
analisar as curvas de absoreao; a analise consiste em dividir-se o "range" do RaE
cm 10 partes iguais ¢ calcular-se que reducao de intensidade produzem 1/10,2/10,
..., /10 do range maximo; em seguida, observa-se na curva a estudar que espes
suras de absorventes produzem reducoes de intensidade equivalentes, multi-
plicando-so-estas espessuras por 10/n, obtern-se 0 que se chama “"range" aparente.
He a hipotese feita acima sobre a forma das curvas de absoreao fosse verificada,
"ranges’ aparentes seriam todos iguais e dariam, usando-se uma formula de
"range"-energia, aenergia maxima do espectro 3 medido. Na realidade porem, a
forma das curvas de absoreao de quase todos os emissores ¢ muito diferente da
curva de abson;ao de RaE (& urn fato sabido que o espectro de energia do RaE e
anormalmente deslocado para a regiao de baixas energias (MARINELLI, BRIN-
KERHOFF & HINE, 1947)); os "ranges' aparentes dao, pois, uma sucessso de
valores diferentes; com eles pode-se construir urn grafico em que se coloca nas
abcissas frames de "range" e nas ordenadas os "ranges' aparentes;, uma extra-
pola;ao da o "range" extrapolado. Dovido a escolha do RaE como padrao,
extrapolacao e as vezes dificil ou mesmo duvidosa.

Foi sugerida por BLEULER & ZUNTI (1946) e GLENDENIN (1948) que
Se usase a curva de absorgao dos raios 3 do UX, como curva de absoreao padrao,
uma vez gue o0 espectro desse emissor 6 mais "normal” que o do RaE; este unico
fato deve permitir uma extrapolacao mais prccisa no metodo acima.

A importancia que o UX, tem como padrao para o metodo de Feather
justifiea urn estudo acurado das peculiaridades que sua curva de absoreao pode ter.
Parece-nos sobretudo interessante efetuar-se urn estudo da influencia dos absor-
ventes nas curvas de absoreao do UX, devido as cornplicacoes introduzidas
nelas pelo UX; com o qual o UX; csta em equilibrio transitorio, nas fontes
usadas. Mostraremos que o0 procedimento de se colocar um absorvente sobre a
fontc afim de se cortar a radiacao do UX; nao e aconselhavel. Aproveitaremos
as curvas de absoreao medidas para analisar os efeitos que o "scatetring” multi-
plo dos raios B introduz nos absorventes; com isso pretendemos aprofundar um
pouco os estudos feitos para o RaE por ELLIOT & SHAPIRO (1951) e NOVEY &
ELLIOT (1951). Isto nos permitira uma interpretacao mais detalhada do
fenomeno do "self-scattering”.

ARRANJO EXPERIMENTAL E TECNICA DE CONTAGEM

Utilizamos em nossss medidas um contador Geiger-Muller Tracerlab
tipo TGCl com uma janela de mica de 2,5 mg/cm?® de espessura; 0 patamar do
contador era de 300 volts com um coeficiente angular de 0,3%. O contador foi
montado no interior de uma caixa de Pb de paredes de uma polegada de espessura,
cujo interior era revestido com 5 mm de lucite, cujas vantagens para este fim sa0
6bvias devido a0 seu baixo numero atomico medio (YAFFE, 1950). Abaixo do
contador existiam prateleiras que permitiam colocar a fonte e os absorventes a
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distancias diferentes do contador (fig. 1). O "background" erade 25 impulsos por
minuto. A fim de evitar efeitos pertubadores, que o fundo da camara de contagem
poderia introduzir, a prateleira de suporte mais baixa distava 4,5 cm do fundo.

O "scaler" utiliza-
do nas medidas era decimal
(Berkeley, modelo 1.000).
As contagens foram feitas
durante tempos fixos. Antes
de iniciarmos as medidas, na
aplicamos o "test" do x(chi)
de Pearson (JARRET) a fim
de verificar se o comporta-
mento do "scaler" era nor- AL
mal; o resultado obtido foi
satisfatorio.

A FONTE aL

A fonte utilizada r
foi feita com a fase aguosa
de nitrato de uranila
UO0,(N03)2.6H,0  dissolvido { bl
em eter etilico; et a opera-
C@0 separa o nitrato de ura-
nila, que permancce na fase
eterea. Uma pegquena gota
da fase agquosa foi deposi-
ted aem um filme de acetato
de celulose preparado pela
tecnica usual e evaporada Fig. 1 — O arranjo experimental; distdneias em

A rentitnetros.
por uma lampada de infra-
vermelho; o deposito restante, que ocupava uma area de 0,03 cm? era coberto
por outro filme de acetato de celulose de 10 microgramas por cm? a fim de prote-
ger afonte. 0 "sandwich" de filmes de acetato de celulose era montado num
anel de suporte de aluminio (').

Na fonte preparada o uranio nao estd presente de modo que o UX; (meia
vida - 24,5 dias) se encontra em ecpiilibrio transitorio com o UX, (meia vida -
1,14 minutos); afonte decai com ameiavidado UX,. A energia mdximada radi-
acao UX; 6 2,32 Mev e ado UX;, 0,13 Mev.

Como prova da pureza da fonte, medimos o decrescimo da atividade da
fonte durante 10 dias; a exponencial obtida dava a meia vida correta do UX;:
portanto a fonte era pura. O fato de a curva de decrescimo da atividade ser rigo-
rosamente exponencial, ou sgja, umareta num grafico semi-logarltmico, constitui
uma indicacao satisfatoria da estabilidade do equipamento de contagem.

() Agradecemos ao dr. A. Cervellini pcla preparagao da fonte.
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O PENOMENO DA "FOCALIZACAO" DE RAIOS B POR ABSORVENTES

Uma das alternatives possiveis a0 se medir uma curva de absorcao
de um espectro R e colocar-se todos os absorventes sobre a fonte. 0 resultado que
se obtem no caso de uma fonte de UX; - UX; eodafig. 2 - curvaB; para
comparacao representamos na mesma figura uma curva obtida colocando todos os
absorventes junto ajanela
do contador — curva A.
Fonte a 35 cm da janela
do contador.

0 fenomeno da
"focalizacao" de raios 3
explica ete resultado
como o observaram
JOHSON & WILLARD (1949):
parte da radiacao que nao
atingiria o contador se os
absorventes  estivessem
todosjuntoajanelado con- -]
tador, sofre "scattering"
multiplo no absorvente
colocado sobre a fonte e e
langado no contador
(fig. 3). BUKIT (1949) escla
receu a razeo pela qual seo
"focalizadas" mais parti-

culas no contador do que Fig. 2 — Curvas de shwurgiio da radiagio 8 do /X, - UX,
; i inei_ emoeoordenadas eomuns.  Curva A -absorventes junlo b
retiradas do feixe que inci janeln Jdo contador. Curva B - absorventes sébre o fonte.

diria no contador se o

absorvente nao  existisse (“"desfoealizadas'): o angulo solido segundo o qual a
fonte ve o contador e pequeno; a medida que aumenta a espessura dos absor-
ventca gque cobrem a fonto, a "desfocalizacao" dos raios B aumenta, porem, a
fracao da radiacao emitida pela fonte e que nao incidiria no contador se o absor-
vente nao existisse, €' muito maior do que a fracao que incidiria nele; portanto,
mesmo que o "scattering" retire particulas do feixe, outras que tambem sofreram
"scattering", sao focalizadas para o contador e compensam largamentc esta
perda; a intensidade medida aumenta a medida que a espessura do absorvente
aumenta; a€' que ese aumento sga compensado pela radiacao, gque e absorvida,
ou que devido ao "scattering", deixa de atingir o contador.

Evidenciaexperimental daideiadeBurttfoi obtidapor nos, medindo uma
curva de absoreao completa com a fonte na 2.2 prateleira do nosso arranjo e absor-
ventes na | . ® prateleira (fig. 4 — curva C); em seguida repetimos a experiencia
cobrindo os absorventes com um "definidor de focalizacao" (fig. 5), cuja finalida-
de era de evitar que radiacao inicialmente fora do cone segundo o qual afonte v&'
0 contador o atingisse. Dessa forma a radiacao "desfocalizada’ nao pode ser com-
pensada e a curva de absorcao deve revelar este fenomeno. Com efeito, o resultado
obtido estanafigura4 — curva D, assm como uma curva em que todos os absor-
ventes estfto sobre a fonte (curva B) e outra em que os absorventes estao junto a
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G.M, Tube

Scottered
Radiation

Al or P Absorber
¢x X T 7

Rodicactive
Sample

Fig. 3 — O fendmeno da “foealizagie’ dog raios § se-
gunidn a explicagio die Jennson B WilLarp {1949)

janela do contador (cur-
va A). Podese observar
que, usando o definidor de
focalizagao, a curva de
absorcao fica abaixo de
todas as demais, inclusive a
curva A, uma vez que a ra-
diacao que sofre "scattering"
e que € removida do cone
gue atingiria o contador,
nao € compensada.

Mes m o que &
cubram as fontes com uma
pequena espessura de absor-
vente, em gera destinado a
proteger a propria fonte, os
efeitos pertubantes desses
absorventes s0 tao salien-
tes, que ese procedimento
deve ser evitado. Com cfei-
to: colocamos a fonte na se-
gunda prateleira e sdbre ela
urn absorvente de 299
mg/cm? de aluminio; os
absorventes restantes foram

Fig. 4 - Curvas de absorgao da radiacao 0 do UX—UX,

em urn grafico semi-iogarftmico:

Curva A - absorventes junto a janela do contador. CurvaB - absorventes sbbre a fonte.
Curva C - absorventes na 1" prateleira entre a fonte (2° prateleira) e a janela do contador.
Curva D - absorventes na 1* prateleira, cobcrtos pclo "definidor de focalizagao”.
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35

g ;-.20° absorvante

Fig. 5 - Arranjo em que foi mcdida a curva C da fig. 4. Cobrindo o absorvente eslii o
"definidor do foealizagao".

Fig. 6 - Curvas de absorcao da radiagao B do UX; - UX;, em coordgnadas comuns. Curva
A - Absorvontes junto a janela do contador. Curva B - 29,9 mg/cm® sébre a fonte e os
absorventes restantes junto a janela do contador.
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ecolocados junto a janela do contador. A curva de absorcao obtida ¢ a da
fig. 6 — curva B, em coordenadas comuns. A curva A foi obtida com todos os
absorventes junto a janela do contador.

VARIACAO DA INTENSIDADE DA RADIACAO "FOCALIZADA"
COM A ESPESSURA DOS ABSORVENTES

ELLIOT & SHAPIRO (1951) estudaram tcdricamente o que s poderia
esperar quando se variava a posicao dos absorventes entre a fonte e o contador;
em seu trabalho o ealculo e* feito admitindo-se umalei simples paraadistribuicao
angular da radiacao emitida por fontes e absorventes, admite-se ainda, que a
fonte e* puntual, que o absorvente e* piano e infinito e que o contador € pontual.
ELLIOT & SHAPIRO obtiveram dois resultados muito interessantes no caso de
fontes que emitem isotrdpicamente (e 0 caso de fontes finas, como a nossa)

a) o "scattering" pelo absorvente e istropico. Se lo e a intensidade
emitida pelafonte, aintensidade que o contador registra e* dada por

o
TEe

| — distancia da fonte ao contador; como se ve', neste caso a intensidade medida
nao depende da posicao do absorvente.
b) o "scattering"

pelo absorvente obedece a 1o | ] | ] | | ] | |
uma lei de coseno; o resul- — 7
tado obtido esta na figura 0]

7, que da a lei de variacao THEORETIGSL 7
da intensidade com a dis- — i —]
tancia do absorvente a o

fonte.

g
[

Experimentalmen-
te ELLIOT & SHAPIRO SO
estudaram a variacao da
intensidade medida com a
distancia do absorvente a
fonte, utilizando uma dada
epessura  de  absorvente
(151 mg/cm? de aluminio). 600
llealizamos medidas com
absorventes de diferentes
espessuras  colocando-os em 500
3 posicfies diferentes entre
o contador e a fonte, a | I I l ]I [ ll
35, 19 e 0 cm da fonte. 0% 2 o 3 . ps

Supondo-se que [STANGE,, ABSORDER FOIL TO COUNTER, CW
quando o absorvente esta  Fig. 7 - Rusultados ohtidue por ELLioT & Sapuso (1951)
junto ajanela, isto e, que a admitinds guo a fonte 6 isotripica o que ¢ “senttering”

. peio absorvcnu_ olhedere a uma lei de eodeno. Os pontos
3,5 cm da fonte nao haja cofruap & modidas cfetuadas com o Rab,

8
l

EXPERIMENTAL

ACTIITY, 5/W
Ay

8
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contribuicao para a intensidade medida devida ao "scattering”, calculamos o
aumento relativo de intensidade que surge quando o absorvente e* colocado nes
outras posigOes.  Os resultados obtidos sao os seguintes:

EBMESBURA DO ARRDRVENTE (mnglem?®) [AUMENTO RELATIVO DE INTENARIDALE
d = 19 em o = 0 rm

1,06 1,004
1,061 1,148
1,053 1,235
1,104 1,35
1,146 1,38
1,18 1,58
1,25 1,57
1,28 1,6

1,34 1,58
1,44 1,64
14 1,04
1,46 1,5

d — distancia do absorvente a fonte.

Os graficos de variagao dc intensidade correspondentes a algumas linhas
da tabela acima estao na figura 8. O andamento gera destas curvas confirma
asid6ias que setern acercado "'scattering” mtiltiplo que sofrem os raios 3 nos absor-

15 v om0
108 T
[ *4 it
] / ' - ) .
. 15 )
B WM il TH
1 1 1

Fig. 8 — Variagao do aumento relativo de intensidade com a posieao do absor-
vente, para diversos absorventes. Nas abcissas distancias do absorvente a ja-
nela do contador.

ventes; para grandes espessuras, a lei de "scattering" se tornaisotropa, isto e,
conforme o caso @) tratado por ELLIOT & SHAPIRO, aintensidade medida deixa
de depender da posiyao do absorvente.



EFEITOS DO SCATTERING EM ABSORVENTES 237

Fig. 9 — Aumento relativo da intensidade medida com os absorventes em po-
9c0es determinadas em funcao da espessura do absorvente. A curva superior
eorrespendente a absorventes sobre a fonte.

Pode-se observar na tabela aeima, que os valores colocados cm uma ver-
tical dao o aumento relativo dc intensidade para diversas espessuras de absorventes,
isto 6, alei de variaeao da intensidade de radiacao "focalizada' com a espessura
dos absorventes. Graficos dessa lei estao na figura 9.

Para espessuras de absorventes para os quais a lei de "scattering" e*
isdtropa, as 2 curvas obtidas devcriam coincidir @ o caso a), tratado por ELLIOT &
SHAPIRO); atribuimos as discrcpancias obtidas ao fato de que as aproximacoes
feitas no calculo afastam-se muito da realidade.

Pode-se verificar que a espessura de absorvente para a qual a lei de
"scattering” e isotropa quando os eletrons incidentes sao monocromaticos e de
energia maxima de 2 Mev, e* de ordem de grandeza do valor obtido nos graficos
dafig. 9 (FOWLER, LAURITSEN & LAURITSEN, 1918).

INTERPRETACAO DO FENOMENO DO "SELF-SCATTERING"

As curvas de acrecimo relativo daradiagao "focalizada' com a espessura
do absorvente tern a forma de curvas de "growth" de uma substantia de famllia
radioativa; no noso caso a energia maxima da radiacao medida e o arranjo
experimental determinant a forma dessa curva. Como a absorcao da radiagao 13
e aproximadamente exponencial, parece-nos plausivcl supor-se que o fenomeno do
"self-scattering” sgja devido auma combinagao de dois processos que teém lugar em
uma fonte espessa

a) absorcao da radiacao das camadas inferiores da fonte pelas camadas
supcriores, com urn coeficiente de absorcao u;

b) "growth" de radiacao "focalizada" no contador pelas camadas superiores
da fonte, com coeficiente de absorcao U' ;
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E foeil ver-se que Fp € a atividades especffica verdadeire da fonte e x
a mus expessura, J, 2 atividade medida € dads por

[

u
I=1I,-

— T =) W

Experiéneias preliminares foram realizadas com o radiacio do €%,
preparado aeste laboratdrio pela reagio €1 (v, ) (™, No €u® o fenémeno do
"self-scattering” € muito acentuado, devido ao fato de 0 seu niimero atomico ser
baixo e a energia maxima da radiacao emitida ser alta. Ao que parece, uma formula
como a (1) pode deserever bem os resultados obtidos. O elemento utilizado nao,
€ muito apropriado para eatas experiencias, por ser urn emissor de positrons. Se-
rao realizadas experiencias com um emissor de electrons.
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Gamma Rays and Low Energy Alpha Partices from Po?

S. DE BENEDKTTI
Carnegie Ingtitute of Tcchnohgt/, Pittsburgh, Pa., U.SA.

Though the disintegration of Po? is one of the first to have been studied
in the history of classical radioactivity, some of its aspects remained an open
problem which has received the attention of several investigators in recent years.
Most of the a particles of Po have an energy of 5.3 Mcv, but a weak (branching
ratio ~ 10°% « radiation of 800 Kcv was observed. Attempts to detect the
corresponding short range a group not only had failed, but in some cases had
led to results of difficult interpretation.

This problem was attacked with a coincidence method. The pulse
height distribution of the o-particlcs in a fast liquid scintillator was measured
directly, and in coincidence with the ¢-ruxs from the same source. The ratio
between the sngle* and the coincidence counting rates was about 10 , and it was
necessary to use a coincidence circuit of resolving time of around 1(~* sec. in order
to minimize the random counts.

It was found that the cv-particles in coincidence with the 7-rays had
a lower energy than those of the main group, the difference corresponding to the
T energy.

After having established in this manoer the gonetic relationship Tesbwoen
e and ¥ radiations, we proceeded to the study of thelr angular eorrelation. Despite
the low vounting rate the experimentsl resali= were quite reprodueible. The
number of coincidence was 8 £ 1.4 e/hour at angles of {(2a — 1) w74 (duda taken
at 15, 135 and 228, and ! £ 1 e hour at angles of 2n x4 (dats taken at 90
and 180).

1f one assumes that the spins of Po™™ and PO™ are zevo, and that the
parity of these two ouclei s the same, this result losd unambiguously to the
conclusion that the o particles of Po are emitted in & o state, and that the y-rays
{ollowing them are clectric quadrupole.






El Modelo de Capas en Rdacidn a la Teoria
Meonica de las Fuerzas Nudeares

J. A. BALSEIRO
University of Manchester, Manchester, England

Admitiendo laintervention en las fuerzas nucleares de un campo mesonico
escalar neutro de mesones pesados, es posiblo explicar las desviaciones de los
momentos magneticos nucleares de las lineas de SCHMIDT y otros aspectos del
modelo nuclear de capas propuesto por JENSEN et al. (1918) y por MAYER (1950).

Un nucleon con momento magnetico andmalo es polarizable en un campo
mesonico exterior. Debido a esto, el nucleon suelto del modelo de capas (odd
nucleon) en el campo mesonico del resto del nucleo presenta una modificacion
de su momento magn”tico intrinseco. Desviaciones de las lineas de SCHIMDT
en el sentido del observado pueden ser producidas scMamente por un campo mesonico
escalar neutro con acoplamiento escalar. Un campo simetrico producira des-
viaciones de uno y otro lado de estas lineas. Los campos pseudoescalar y pseudo-
vector, originados por un sistema de nucleons apareados no conducen a la pola-
rizacion del nucleon suelto. Un campo vectorial neutro produciria apartamientos
de las lineas de SCHMIDT en el sentido opuesto al observado.

Idcntificando los mesones escalares neutros con las particulas V° de
masa m ~ 800m, (ARMENTEROS ct al., 1951), se obtienen desviaciones de los mo-
mentos magndticos del orden de los observados atribuyendo a la constante de
acoplamiento del campo escalar el valor g ~ 2.8.

Si ademas, se admite acoplamiento vectorial para el campo escalar es
posible explicar los momentos electricos cuadrupolares que presentan los nucleos
de neutron suelto.

El hecbo que el campo escalar supuesto es de muy corto alcance, produce
un potencial medio que tiene exactamente la forma del potencial requerido por
el modelo de capas. Ademas, ARAKI (1951) ha mostrado que cuando se tiene
en cuenta el retroceso del nucleo en el proceso de emision virtual de mesones esca-
lares aparece en la energia de interaction un termino que tiene la forma de aco-
plamiento spin-orbital. Su aplicacion al modelo de capas, con los valores de masa
y constante de acoplamiento conduce a un fuerte acoplamiento spin-orbital
del orden del requerido en el esquema de MAYER (1950).
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Magic Numbers and Pseudoscalar Mesons

REINHARD OEHME

Ingtituto de Fisica Tedrica, Sao Paulo, S P., Brasil

As has been pointed out by MARIA GOEPPERT — MAYER and by HAXEL,
JENSEN and SUESS, the empirical magic numbers of nuclei can be understood by
the shell model, if one assumes a strong coupling between spin and orbital angular
momentum of a single nucleon moving in the mean potential produced by the
other nucleons. There exist also attempts to obtain the correct magic numbers
from special assumptions about the form of the potential, but the introduction
of spin-orbit coupling seems to be physically more reasonable. The question
remains, how to explain the strong spin-orbit coupling, it could be easily under-
stood (GAUSS, 1952; HEISENBERG, 1950) if the mesons producing the interaction
between nucleons would have non-zero spin. But from recent experiments
on IT-mesons it can be shown, using only general conservation principles, that
these particles have very probably spin zero and odd proper parity (if the relative
parity of proton and neutroniseven). Sinceit isalso probable, that the T - mesons
constitute the main part of nuclear forces, the question arises how to explain a
strong spin-orbit coupling by a pseudoscalar field.

In the ease of pseudoscalar coupling, the interaction ElaMinToNian

g * —*
contains, in the nonrelativistic limit, the term YT grad & (M = maw of the
nucleuvn) which commntes with total angular momentitny, but not with orbital
angular momentum alone, It leads, therefore, to a splitting of usually degenerated
energy levels of equal ! but diffecent j (f = 1 £ [/2). This means that the term
> —>
proportional 1o ¢ . grzd @ has, in general, an snalogous effect as the usual spin-
r — >
orbit coupling which is proportional to o. gred ¥ X p. Calculating the splitting
>
A ¢ caused by 2LM o . grad & the perturbation of first order vanishes, because the

operator changes the parity of a state. In second order, we get a finite Ae which
has also the correct sign. Terms of higher order are factorised by the corresponding
powers of (m/2M)g. Even if g is of the order one, as it secms to be probable,
they lead in this non-relativistic limit to smaller contributions. One can expect,
that the splitting is large enough to explain magic numbers, because in the case
of pseudoscalar coupling also the potential terms are of the order m/2M,
Calculations on the magnitude of the splitting are in progress
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DISCUSSION

MOSHINSKY: | would like only to ask if there is any kind of field interaction that would'
lead to the Thomas' term that you wrote down before

> »
g, (grad ¥V X p)

Orume: With a vact mon-field it is possibl: to get A term of such a form beeause
you can equple the field dircetly with the apin-density-tensor. This was shown for example
by Ciuss in Gottingen.

Wioxer: 1 am wondering whether ;ruu eould tell us how the origin of your eovrdinate

> >
system is defined. This is imporlant for the . L term in which L must be defined s the angolar
momentum about a definite point,

OEIIME: L is the angular momentum of the extra shell nucleon about the center of
mass of the shell, This center of mass enters becausg; the virtual meson field of the shell is centered
at this point. However, the structure of the virtual meson field has not yet been worked out.



Elimination of Divergendes in Field Theory

A.  MEDINA

Ingtitute) National de la Investigatidn Cientijica, Mexico, D. F., Mexico

An analysis of the divergencies appearing in Field Theory shows that
all divergent integrals which have to be eliminated by renormalization arise from
the use of singular solutions of field equations, and even from improper solutions
such as the causa functions appearing in the S matrix and the related field
commutators. These singularities, some of them already encountered in classical
theory, originate, in principle, in our notion of an elementary point particle. It
has been suggested several times that a consideration of a "finite size" of the
particle should eliminate all singularities from the theory. However, besides
the difficulty of introducing a particle of finite size in a relativists invariant
manner, as soon as one considers a finite extension for a particle, several questions
arise as to form, distribution of mass, charge, stability of the particle, etc.,
which questions should obviously be meaningless if the particle is to be
considered as elementary. On the other hand, the introduction of non-loca
fields which seems to avoid the above mentioned difficulties has had no apparent
success up to the present.

These considerations have suggested that an analysis of the problem under
a different point of view might be justified. It seems that all the trouble comes
from the fact that we are using in the background of our calculations, ideal entities
endowed of finite, well determined physical properties such as mass, charge and
spin, and yet nothing that would correspond to physical extension. The introduction
of a property of the particle somehow connected to coordinate space can obviously
not be done if we assume, as it has been done that the kind of measure
encountered in Physics is the Lebesgue measure. However, as it is well known,
there are other types of measure, some of them allowing to assign a finite measure
to asingle point. One may assume that in the same manner that a physical point
may posess mass, charge and spin, it may also be endowed of a certain finite measure
although no physical extension in the ordinary sense. As in General Relativity,
the distribution of matter determines the metric of space, one may assume that
the measure is aso determined by the presence and distribution of particles. Thus,
in the space usually encountered in Field Theory, neglecting gravitational effects,
the metric can be assumed to be flat, but as soon as particles appear, the measure
is not of the Lebesgue type. Each point occupied by a particle will posess a certain
finite measure and ultimately, each particle will also be characterized by a constant
"a" having the dimensions of length. The introduction of these ideas into the
mathematical formalism of the theory is performed by substituting ordinary
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Lebesgue integrals by Stieltjes integrals and ordinary differentiation by a more
general differentiation with respect to a measure. In this manner, singular
solutions of the field equations can be avoided. For example, the electrostatic
potential of a point charge turns out to be

]

r+a

¢ =

and the mesostatic potential of a8 point charge hoecomes
‘—A'r

r+a

o=g

In the quantized theory these ideas can bo introduced by assuming that
each commutator (or anti-commutator, according to the cass) is associated to a
certain measure. Functions such as (), f(x}, A(r), etc., become proper, with
finite discontinuities, but have a meaning only when used in the proper, Stieltjes
integrals. A simple calculation in the case of a scalar real meson field ¢ coupled to
a scalar complex meson field § with a coupling of the form g ¥* ¢ shows that
the self-energies of both particles are finite and so are the vacuum polarization
effects. In fact, it can be shown that the contributions of primitive divergent
graphs which in ordinary theory would appear, become finite.

DISCUSSION

WATAGHIN: Generally from such a theory one should expect that for low energies and
momenta it should give the usual results. | do not know if one can make in your theory a passage
to the limit of the parameter "a" approaching to zero. But the problem for instance in the
non-local theories is to distinguish high energy interactions and low energy interactions and
have the correspondence with the old usual theories for slow moments. Could you tell us
something about this question?

MEDINA: AS a matter of fact, this turned out to be very simple. | n some cases, that
is before you calculate the Stieltjes integral, if you take the limit as"a" goes to zero you aways
fall into the usual result. | gave nological proof of this, butatleast in all the cases | have studied |
fall to the same results that ordinary theory would give. This can be seen very simply. For
instance, Feynman made the observation that if instead of using Dime's 8 (xX%) one uses a function
f(x?) whose value is very large on the light cone, very small everywhere else, but remains always
finite and has a finite width, one obtains convergent results. One can show that in the limit
as the width of f(x?) goesto zero and the height to infinity, one obtains the usual results. What |
am doing here is, roughly speaking, in a way similar to this, except that in Feynman's case the
condition was arbitrary and besides if one uses his f(x?) the field amplitudes do not fulfill
Maxwell's equation or Klein-Gordon's equation, Dime's equation or whatever equations one
started with. But, if one assumes that the metric has a jump "a" and at the same time one
uses a delta function

1.
6[&)-[0 frm(
O ile=0 -

actually this behaves as far as the final result is concerned, as if one were using a function of
rectangular form of height Yaand width a so that if "a" issmall, suppose of the order of 10+ cms.,
for macroscopic purposes it would behave as aDime's 5. Further if "a" goes to zero, thenthe
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height goes up indefinitely and the width approaches zero so that the limit of this expression is
Dirac's 5, and the same relations occur asin usua theory. However, after calculating the Stieltjes
integrals, there is no way of taking the limit.

WATAGHIN: AS far as | can see, your method could be made equivalent to a non-local
theory.

MEDINA: | do not think it is.

WATAGHIN: Feynman in one of his attempts is cutting off in the graphs the propagation
laws, whereas you are cutting off the interactions on the vertices. Is it so or am | wrong in
this point?

MEDINA: NO, I think | understand your question, but the alteration that brings about
the theory is not in the vertices but in the propagation factors. For instance, in the case of a
self-energy graph:

a virtual partivle is cmittel at 2 and absorbed at 1. We have some inleraetion factor at 1 and 2,
which depeids un the kind of felds wod eouplings, and propegation factora fur the twoe virtual
particles pppearing in the preeess. T do not alter the interactions since the differentind cquations
and types of ficlds are the same in my theory as in grdivary, Howeyer, the propagation fuetors
M - &) andd & (e — 2 arve altered. They become proper funetions which have to he used
in connection with rdoquate Sticltjes integrala, As the passage to momentum spsce is made,
ecomvergence factors appear, my S(f) and Dk) being different from the ordinary ones. Alterations
are thirs introduced though not in the elementary interactions bak rather on the propagation
of virtunl quanta.

WATAGHIN: Christian Moeller, Kristensen, Claude Bloch and myself in forthcoming
papers discuss many aspects of non-local theories. Perhaps the present discussion could be
continued after my communication where | will recall their attempts.

MEDINA: | would be glad to. But from the start | could say this. This theory is not
equivalent to non-local theory. That is easy to see. In non-local theories your operators, from
the start, do not commute with the coordinates. The change here is in the measure of the space,
not in the field.

LEITE LOPES: Your theory is not equivalent to a regularization of the singular delta
functions, or is it?

MEDINA: | do not think SO. | do not have any trouble of this sort. | have not compared
my integrals with the integrals appearing in Pauli's regularization procedure but | do not think
they are the same. Any comparison between both things, probably is hard to be done. One
uses Riemann's integral and the other uses the Stieltjes integral. It is hard to compare two
things that are so different. It is as if you wanted to compare the distance in a flat space with
the distance in the Riemannian space.
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Lerte Lores: Is the now A function still vanishing outsile of the light cone?
Muninar Yeu, of coorse. Tt gatisfics the same conditions, namely

{0 — k% af®) =0
Wa@n =0 >0

aA{x)

i
y r dIp

doy =1

It is defined formally in the same way, except that the measore is different,

Heck: May [ sak how the self-energies vome cut in this method?

Mupinar For n quuntized feld I have carvied a detailed ealeulation only for the ense of
twa mesan felds ¢ ) and ¢ 0r) with a coupling of the form g ¢* ¢ ¢ and they turned on to
I finite, md well as the polarization of vacuum. For s Dirae ficld ¢ coupled to an clectio-
magnetic field A, T have ooly earded the ealealation for elassienl, not quentized, theory wnd
the eleetron self-cnergy turned oul o be finite, T s sure, however, that (his finiteness will
alzo he found for the quantizeld fiella,

Brcr: To whal sense?  Can it be for the eleetrons something of the order of me??

Menida: As I owdl, no quantum mechanieal caleulations been lave made in

the clectromagnetic rase, Bad for Lhe nen-quantized 1heory, the ' in (he fing] results nppenes in

cxprossions which hle very evlosdy those that one could oltaln eonsidering an eleetron
)

of radiux "o, so that “a” turnes avt (o be of order of 1079 e and the self-energy of the
order of med.

WiiwkR: There is one gquestion I would like Lo aslke, sl it i a0 very (rivisl question,
buat I think it would claify matters for some of us, In what senae i 120 + &) asolution of the
Laplnes equalion ?

Memxa: There are two answers to your question; ss far as the classical pieture is
caneerned, the progran is tu substitute ordinary differentintion by differentintion with respeet
to w memsare. Here ooe dues not take the it as the conrdinate difference goos to aero, bt
rather ms the measare difference goes to aero. This means, as nosimple ealeulativn shows, that
in the ense of

Apt4rpm=A

the: equation wonld be of the form
1 a d ¢ ) e
- r D9 - -
R odk (R d i tix P 3 =0

R s the measared distance to the particle,. With s particle sl the origin of eoordinabes, the
partiele having an intrinsie megsaare “a”, the megsursl distanee from any point P, to the purticle
w R = r 4 annd the solution of the faregoing equation is

From the point of view of quantized theory, this potential can be obtained as the result of the
exchange of two virtual quanta, by using the modified A and S function or the corresponding
Fourier transforms in the momentum representation.

WIGNER: Does not that mean that the field equations depend on a different measure
depending on where the origin of the field is? Ordinarily the field equations use a differentiation
whichisindependent of the origin of thefield. Apparently, you use adifferentiation which depends
on the point from which the particle originates.

MEDINA: Yes, the space becomes non-isotropic, as far as measure is concerned.

WIiGNEir. Not only non-isotropic but at the same point you have a different measure
depending on the origin of the field, Alternately, you may want to give up the principle of
superposition.
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IVfemNA: Yesand no. | mean the following: if you take thisintuitive picturein classical
theory, you will be right. As a matter of fact, the whole theory should have been abandoned
if it were not possible to translate it into quantum terms. Fortunately, this difficulty does
not arise when one considers the field quantized, that is, if one abandons the idea of a point
particle, because the trouble arises from the fact that we are talking now of a point particle
located at the origin. In field theory one has a function defined in the whole four-space. What
the theory tells, is what to do with the integrals that appear in the expansion of the S matrix.
Perhaps it would seem arbitrary to some extent to say that the potentials depend not on the
coordinates but on the measured distances. However, there is probably an argument in favor
of this view, and this is the following: if one considers for instance, the set of points
(£} == (ry, o, Ta, 2o ) of Minkowsky space, then one cun introduce & sel of ketsf 2" >, Assuming
that these variables form s perfeet set, that is, o complete set of operators which commute with
each other, the kets{z' > will form o basic set. Now, what quantmn theory tells, is that if
vne makes un ohservation of any conrdinate of the syatem, oo matter what the state might be,
vne mensures & value 2, such that

Tpfe’ > o= x>

Now, what is this £’ P According to the postulates of quantum theory, x,’ is the smeasnre of
the cnordinate, or The observed value of thee coordinate. There is & question ansing here as to
whether 2’n i the epordinale of the peint in the mathematieai sonse or p physically measured
valae of the distanee between the puint and some plane of referenee, Gne will arrive to adifferent
theory depending on the interpretation and the assumption made on rp’. Beeanse o fickl ¢ can
e copsidered ns wnooperalor sadisfying |2y, ¢] = 0 and therefore as o fanetion @l of the
operalor £, 10 this operstor acts on some of the lasic kets, one obtaing

@ (e > = i) >

and the x," nppenring in ¢ (2} are exaetly the same os the o,” we hael before, Now the quantitica
@i’y are subjected to a sceond quantization. The important thing however s (o realize
that the r,” are cxaetly the same in both cases, for in this manner one sees that before the seeond
quanlisation = performed one has pleniy of room Lo intredaer messare in ordinary quantam
theary.

L. SCHWARTZ: T do not see exactly the relation between this theory and my theory
of distributions. 1 cannot speak exactly, but | have the following impression: here you consider
some basic measures and some new measures having some density with respect to this basic
measure.  For instance, you have a basic measure at the origin and you define 5 as having the
density equal to zero and one at the origin, so that it represents exactly the measure. In my
system you cannot consider for measures the differential equations and you cannot generalize
measures in the distribution satisfying differential equations. So that you may for instance
have for Poisson's equation a solution which is a measure or a distribution. In this case, as
said by Prof. Wigner, the differential equation does not depend on any particular choice. | think
in your method you consider some basic measure which you choose after considering the differential
equations of some particular point and with respect to this basic measure you consider a density
and you look for a differential equation which is satisfied by this density and since the basic
measure can be arbitrary it can be changed. You have a differential equation, the consequence
of which depends on the basic measure, as you show' in this example.

MEDINA: 1 regret to say that | do not know your method. It seems, however, that |
work precisely in the opposite sense, that is to say, | do not establish the differential equation
after | have defined the measure. | assume that it is the field that defines the measure, and not
the measure that defines the field. Perhaps an example of a more familiar nature would be
appropriate here. The situation is similar to that arising in general relativity. In this case one
assumes that the metric is determined by the presence and distribution of mass in the sense
that if matter is absent, the metric is flat, and if matter is present the tensor R,, instead of
being equal to zero is proportional to the matter-energy tensor T*. In this case one has a system
of differential equations which allows the determination of the metric when one knows the
distribution of matter. In the case of measure, we do not have any differential equations of this
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sort. However, one may assume that the measure, in presence of fields, departs from the ordinary,
and one may try to look for such departures. | agree with you when you say that there
are many possibilities. As a matter of fact, there is an infinite number of possibilities, and this
is just one of them. Of course, when | tried to look for different measures, what | did was
to select the simplest of all, the one that would depart the least from Lebesgue's measure in our
space.  However, | insist upon the fact that the measure is determined by the fields, and that |
am not speaking of a universal measure. Each field coupled with another determines a different
measure.  This is an assumption.

I,. SCHWARTZ: After some preliminaries of the problem you choose some measures and
when you consider 6, 5+, 5_and so on, there are densities with respect to this same measure.

MEDINA: Yes. That is right. All the remaining functions have to be defined with
respect to that measure. If not, the integrals would have no meaning at all.

WATAGHIN: Should you have different measures for different particles?

MEDTNY: | do not know, it is probably so. There is no way of telling that a priori.
Probably each particle does have its own measure. One says that a particle has a certain charge
e, acertain mass m, acertain spins. Now, in the same sense, it may possess a certain measure a.
Once this is assumed, one can carry on calculations and after comparing with experiment it
would be possible to tell whether this a is universal or not. It is possible that all the particles
have the same measure, but it is possible that different particles have different measures. | do
not think that this makes much difference as far as the foundations of the theory arc; concerned.

FIALHO: | should like to know whether the discontinuity of the measure can be made
Lorentz-invariant.

MEDINA: Yes. We have introduced and have defined a measure in Lorentz space, n(s)
defined for all sets of points Sin Lorentz space, belonging to an algebra of sets. The measure |
have used was sdected to be invariant under the orthochronous Lorentz group 2" in such a way
that the constant a has the same value for all physically admissible Lorentz frames of reference.
The theory however, as it is now, could not be extended to the group of continous transformations
of genera relativity.



On the Pseudoscalar Meson Theory of the Deuteron
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We report on an attempt to find a mathematically valid consequence of
the YUKAWA pseudoscalar meson theory which disagrees with experiment. As
iswell known, the symmetrical theory with gradient coupling predictsin first order
a nuclear potential:

V= uley, 72) {%(“1: ) + Sz (% + %ﬁ- %)}% (1)

where x = Ur and U is the reciprocal COMPTON wave-length of the T-meson;
S, is the tensor force. But this is not a true mathematical consequence of the
theory because (a) the nucleons are treated non-relativistically, and (6) only the
term of first order in g has been included. Nevertheless, at first sight we might
expect that a complete mathematical theory would not essentially alter the
potentinl (1) outside same small value of . The relativistic correetions nught to
come st the Comeron nuclenr wave length o ~ 0,15 and should be small for 2
large relative to this. The corrections of order ¢* come from the exchange of two
mesons,  They represent intermediate states of energy 2 p and produce exponentials
like €**. Hence they might be expeeted to have effects at & ~ 0.5 and hore only
of arder ¢ or 209 of the first order term (1) (however, see below).

We have tried to see whether the present data on n — @ forces (the
deuteran properties in particular) could he consistent with potential (L} outside
some small & = x5 What the potential is inside of this rough limit £y we do not
know. The procedure is illusteated by imagining (or & moment we were dealing
only with a central potential, which is the ease of (1) for the singlet state:

Vs = — ¢ n— @)

d

We solve the wave equation for # = zy¢ for S-wave seattering for all x in this
potential, but do impose the usual boundary condition that u vanishes at the origin.
Starting from the outside and proceeding inward this ought to give the correct
wave function at least until X, — that is over the greater part of the interaction
range. At Xo it should be fitted in dope and value to a completely unknown
function coming from inside .xo. But the solution from the inside is probably
energy insensitive until momenta of order x,' are involved. Assuming the slope to
value unknown but constant at xo would permit thereby a determination of the
scattering cross-section for much higher energies than the present approximations
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of the theory of effective range and scattering length would permit. Instead of
choosing an X, and giving the slope there, since there is really only one unknown
constant, we have for convenience carried the solution all the way tox = 0. The
behavior of the solution extrapolated in this manner to the origin is a new effective
constant to describe the inadequacy of the potential (2) for short distances. One
expects such things as the scattering at energies below momenta XQ' and properties
depending on the wave function not too close to the origin to be correct” described
by (2) with its new boundary condition. Actually, we have two accurate data on
the singlet interaction, the scattering length and the effective range. The first
determines the asymptotic behavior 1 — tfa, of the solution as .o —»o. We used it,

@' = — 0.06, to start the bumerical solution of the radial wave equation from the

outside.  The effective range ry depends on an integral, f fx [(l — zfug — ng]
]

whert g is the zero encrgy &, but we neededl the experimental value rg=2.76X g
em, 1o determine the as vet unknown ¢%. Ty trial and error we determined
¢ = 0.18. The wave funetivon at the origin behaved like 4 series involving Bussen
funetions. We did not go on to ealenlate phase shilts from potential (2) and
houndary conditions for highet energies but turned instead to the triplet state
potential. If x and ¢ represont the & and £ parts of the wave function

«’*ﬁ‘lk'*=:c+v’2

Slz ¥

the ScaadpiNGer equation becomes for the deuteron ground state:

',{5=,-lx—-v’?ff¢;;&=(A+B—+~—E§)¢—\/2_Bx 3
where A =e"!—(.'9;, szz—jff,t’?nﬁgg,
£ [ M

R i | l 1
B =10k (F+F+§;)

using the ¢° value obtained from the singlet state, OF course these equations have
a singularity, but although we shall carry the =olution to the origin, we do not
imagine (3} to be valid below some #p. The eminitions have an explosive exponential
golution (of e form kexp (a/v 2 ) near the origin.  This expinential rises on
decrensing & so soon and so rapidly that for appraciahle k it does not seem possible
that any modifivation of the potential for small # conld bring the solution within
a reasonable size again, Therefore, we have assumed thal our solution has as &
tends to zero an asymptotic form with & = 0. Tt varies then as cos (a/\/;--{- ?\).
This boundary eondition has been suggested by Von Nrusmann and Pavir and
diseussed by Case (1950). We consider M as another unknown constunt whose
value depends on the true potential. We nsed binding energy of the deuteron as
the experimental quantity determining this constant, With the solutions obtained
in this way nnmerically we have three quantities which we can compnre to
experiment.  (Table I),
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TABLE 1
GUANTITY EXPERIMENT THEORY
=
Quadrupwle moment fu {xe — 0353 o x* dn 273 X 10 em® | 3.58 X 10 oy
. . L = -
Effeetive range E:_fu (x* + ¢ dr 165 X 16V em | 2.32 X 10 om
m ot
% D state Sreafflwrme stz 102 %

The second column tells how these quantities depend on the properties
of the ground state wave function. The last two show a serious disagreement
between theory and experiment. There is too much tensor force. Estimates
show that the potential must be wrong by its own order of magnitude at least
as far out assx — 0.7.

If the argument about the validity of (1) for x largegiven abovewerevalid,
we would have here evidence that the YUKAWA pseudoscalar theory with gradient
coupling would not give correct results even if the potential were calculated
accurately. Unfortunately the argument about the g* corrections is not valid.
A direct calculation of the g static correction by TAKETANI, MACHIDA k ONUMA
(1951) (and confirmed independently by us) shows that large combinatorial
coefficients come in so that the g* order corrections are larger than the g~ potential
(V)for g = 0.2 even as far out as x = 1. Therefore, the potential (1) has neither
theoretical nor experimental justification. This conclusion has also been obtained
much earlier by TAKETANI, NAKAMUKA & SASAKI (1951) in much the same waj’.

It is unlikely that any calculation by a pertubation expansion (for
example, using the diagrams and methods of electrodynamics) has value for
nucleon-7T-meson problems. At least such a calculation should be accompanied
with a good argument establishing its validity.

Incidentally, theg” potential was carried out to first order in vic as well.
It shows a spin-orbit force too large but of the right sign for the nuclear shell
model of HAXEL, JENSEN and SUESS and of MAYEK. It arises from the fact that
the non-relativistic nucleon-meson coupling (r, q) —where g is the meson momentum
— ¢ must, for Galilean invariance, be replaced by (a, g-p E/M) where E is the meson
energy, p the average momentum before and after interaction, and M the proton
mass. A velocity v increases g by Ev and p by Mv so the term is now Galilean
invariant. Hence, we apparently cannot conclude from the existence of the spin-
-orbit force that the pi-meson theory of nuclear forces is incorrect.
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DISCUSSION

WIQNER: Have you studied the relation of your work to the theory of Levy?

LEITE LOPES: | just saw the June 1 issue of the Physical Review which has a Letter
to the Editor by Levy. He considers the second and fourth order non-relativistic potential as
given by the pseudoscalr theory down to a distance of the order 0.4 x 10 cm. Inside this
region, he cuts the above potential and replaces it by an infinitely repulsive potential. One can
then understand that such a strongly repulsive force compensates the strong tensor potential
and the theory can be adjusted to the deuteron quantities and low energy nucleon-nucleon
scattering. The same investigation has been carried out, | think, by a group of Japanese physi-
cists. Of course, we do not know yet what this repulsive potential is; it may be connected with
particles heavier than pions.

SCHUTZER: Docs this strong repulsive potential substitute the constant you wanted to
introduce?

LEITE LOPES: | think so. However, our idea was to make no statement about the
nuclear interaction below a certain distance, as we do not know it. Our constant was meant to
replace such an interaction, in the present state of our knowledge.

Wigner pointed out that according to Levy's recent work, perturbation theory

breaks down for distances smaller than 0.3 x 10" cm., and for these distances he then assumes
a strong repulsior.
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A description of the structure of atomic nuclei is given in terms of a
model which starts from the one-particle-model, as suggested by the existence
of the nuclear magic numbers. According to its assumptions, the experiences
resumed by the liquid drop model permit to arrive at conclusions concerning the
forces acting between nucleons. After it has been shown that a quantitative
representation of these forces by ordinary two-body forces and by exchange forces
is impossible, a more phenomenological description can be adopted which can be
interpreted as a set of manybody forces, which come into play only at high nuclear
densities and then account for the saturation of nuclear forces. A quantitative
check of our assumptions is given by computing the surface part of the binding
energy. In terms of our description, the forces between two particles turn out
to depend not only on their distance but also on the nuclear densities within the
range of interaction and to be much stronger at the surface than in the interior of
the nucleus. Thisfact justifies, a posteriori, the assumption of almost free particles
in the interior of the nucleus. On the other hand, Bohr's manybody model, —
according to which every arriving particle, due to strong interaction, gives off
at once its energy to all degrees of freedom heating the whole nucleus, — is to be
understood by the interaction which takes place on the surface.






On the Origin and the Effects of Spin-Orbit
Coupling in Nuclei

E. P. WIGNER
Princeton University, Princeton, N. J., U.SA.

INTRODUCTION

The nuclear shell model has gone through many modifications since
it has been first proposed by BECK (1928 a & b, 1930). Its latest form, proposed
by MAYER (1949, 1950) and by HAXEL, JENSEN & SUESS (1948, 1950), brought
us a long step nearer to a detailed understanding of nuclear structure. One
might say that nuclear theory has now reached the stage which atomic
.spectroscopy reached when HUND has established his famous coupling rules.
The difference is, of course, that atomic theory had, in HUND'S time, a sound
knowledge of electronic interaction but lacked the knowledge of the principles
of the proper mechanics to evaluate the consequences of this interaction. We,
on the other hand, believe to possess the principles of mechanics but lack the
knowledge of the laws of nuclear interaction.

Let me review first briefly the shell model of MAYER and of IIAXEL,
JENSEN & SUESS. The particles, in our ease the nucleons, move, in every shell
model, in first approximation under the influence of a common potential. This
must be a short range potential in the nuclear essg that is, a potential which
decreases rapidly to zero at large distances. A comparison of the order of the
levels in severa short range potentials (WIGNER, 1951) leads to the result that
this order depends but little on the detailed behaviour of the potential and is,
in general, as follows:

18(2) 1p(6) (10} 1 f(14} 1g(18) 1h{22} 11(26)
25(2) 2p(6) 24(10) /1 20(18)
38(2) I G
2 [ 20 4 i 12

The numbers below the columns give the total number of nucleons which can
be accomodated in the orbits of the column in question, and in all previous columns.
They should represent particularly stable proton and neutron numbers. This
may be true for the first three numbers: 2, 8 and 20. It is surely not true of the
later numbers of the series, i.e. of 40, 70, 112. Instead, thep articularly stable
neutron or proton numbers are 50, 82, 12G.

One may try to explain this discrepancy by assuming that the order
of the levels is not that given in the preceding table and this possibility has been

— 17 —
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explored by FEENBERG & HAMMACK (1949) and by NORDHEIM (1949). The
j-j-coupling shell model, which we are discussing, assumes instead that at least
the levels of the first row are split by a spin-orbit interaction into two levels,
the first of which is lowered by the spin-orbit interaction to such an extent that
it joins the levels of the preceeding column. Thus, for instance, the 1g level
is splitinto a 1gy, and a 1g;, level and the ten orbits of the former, which form
a half shell, are lowered so much that they belong into the preceeding column.
This column thus acquires ten more orbits and, together with the preceeding
columns, has place for 50 particles. The other magic numbers, 82 and 125, are
explained in asimilar fashion by the splitting of the \h and \i levels. In the former
case, the twelve orbits of the 1hyy, levels give, with the 70 orbits of the first five
columns, the magic number 82. In the latter case, the fourteen li3, orbits join
the 112 orbits of the first six columns to give the magic number 126.

The idea of the spin-orbit interaction and of the splitting of levels into
sublevels has proved a most fruitful one. It has helped to correlate nuclear spin
values, magnetic moments, nuclear isomerism and plays a significant role also
in beta decay. It gives, instead of the above, the following somewhat more
elaborate but aso more detailed scheme.

18,(2) Lpyt4) 1d,,{6} Lhn( 83 iy (8} Ly, (10)
1P|.f:[2} 2a,,(8) 1i(8) 2ty (B) 2fy (8)
14} 2l 4) Wy (4 2y (F)
2ok 23 Bay, (2} Bp (4}
Ly 10) 1A, 15{12) 2p, (2)
Ui, (1)
2 & 20 an 82 126

It also leads to the conclusion that in the proper wave functions for nuclei the
spins of the nucleons are firmly coupled to their orbits to give individual total
angular momenta j for al nucleons. Thee? individual ,j are coupled to each
other in the last step of the coupling scheme. This is the origin of the name
"j-j coupling shell model".

Many propositions have been made to explain the apparently strong
spin-orbit coupling. The oldest of these is due to the .German physicist G.vus
(1949) who derived a direct spin orbit force by assuming a vector meson to
transmit nuclear interaction. Instead, | shall try to evaluate the consequence
of the following assumptions.

1. The nuclear interaction can be described as a sum of interactions
between pairs of nucleons. This assumption is certainly true only approximately
and we have heard, even today, of a different type of approach.

2. In addition to the usual central, spin independent interactions?
there is a tensor interaction as proved by the quadrupole moment of the deuteron.
However, there is no direct spin-orbit or vector interaction.

This second assumption is surely the simplest possible. Again, we
have heard even today about calculations based on different assumptions. It
is well, perhaps, if | remark at once that | consider the second assumption far
from being proved by anything that | shall say or can say. On the other hand,
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the consequences of the above two assumptions are surely well worth a thorough
exploration even if they should prove fase ultimately. In fact, they are worth
a very much more detailed exploration than | am able to give at this occasion.

THE EFFECT OF THE TENSOR FORCES

It can well be said that the calculations of ordinary quantum mechanics
consist of areconciliation of, and a compromise between, two opposing tendencies:
the tendency of the potential energy which seeks to concentrate the wave function
to a very small region where the potential is very small, and the tendency of
the kinetic energy which opposes any steep gradient in the wave function and
tries to make it as flat as possible. Thus in the case of the hydrogen atom, the

A__/

wave function would look like the first picture if the potential energy would
have full sway, it would look like the second one if the kinetic energy could have
its way. Actually, it looks like the third one

In the same way, the calculations which we are aiming at should reconcile
three tendencies: that of the central forces, in particular the MAJORANA exchange
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force, that of the tensor forces, and finally that of the kinetic energy. If only
the first two were present the nucleus would again be very small and concentrated
to the immediate neighborhood of apoint. The compromise to which the existence
of the central and the kinetic energy would lead have been worked out in some
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detail before the war. It leads to a spherical nucleus with RUSSEL-SAUNDERS (L-S)
coupling, just as we learn it in ordinary spectroscopy. However, in contrast
tothis, it leads to avery low total spin momentum (S = Ofor evennuclei, S = 12
for even-odd or odd-even nuclei and S = 1 for odd-odd nuclei).

The compromise between tensor forces and kinetic energy is more
difficult to work out. It would lead to an elongated nucleus in which no known
coupling scheme is valid. Neither L nor S are good quantum numbers but the
average value of Sis quite high. Its value will depend on the relative strengths
of the kinetic energy, which favors low S, and of the tensor forces which favor
large S

What we have to consider is, therefore, the compromise between the
tendencies which manifest themselves in the above two pictures. It is a great
help that we can use, as a starting point, as simple a picture for the
internal structure of the nucleus as the shell model in which the particles move,
in first approximation, independently of each other. In spite of this, we have
not yet acquired a full picture of even the qualitative features of the results to
which our assumptions lead and | can give therefore only a very fragmentary
description of the properties of nuclei which would follow from our assumptions.
It may be well to anticipate, even at this point, that the calculations do not lead
to a simple .j-.j-coupling scheme to which a strong spin-orbit force would lead.
Neither does the accurate validity of the single particle picture follow. Therefore,
if these features of the present shell picture remain valid, the basic assumptions
which | have outlined above will have to be modified.

RESULTS OF CALCULATIONS

There are three questions which the shell model poses:

1. The interaction of the particles within closed shells.

2. The interaction of the particles outside of closed shells with the
particles in closed shells.

3. The interaction of the particles outside of closed shells with each
other. In addition, in the.j-.j-coupling scheme, there are two types of closed
shells: ashell, such asthe \g shell, may befully closed, i.e. all its 18 orbits occupied.
On the other hand, only the | ~ ¢, , shell may be closed, and the 197, shell empty.
In this case the 1g shell contains only 10 particles. This is a particularity
interesting case since, as we have seen before, it leads to a particularly stable,
"magic" configuration.

1. There is no conflict between the wave functions stipulated in the
j -] and the L-Smodete if one has a fully closed shell. The wave function is.
in both cases, a single determinant which contains all the orbits of the two shells,
The two theories would write this determinant in different forms, the two
expressions are, however, identical. This may be surprising at first hearing
and itsrea interpretation is, unquestionably, that the shell model is not adapted
in this case to the description of the tensor forces. For the wave function- thus
obtained, the total value of the tensor forces is zero, that of the central forces
quite considerable and the compromise forced upon one by the shell model is
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all in favor of the central forces. Actually, it is questionable whether, for
instance, the \g shell is ever entirely full without other shells being partially
filled: the filling of the 1g, and of the other shells of the 5" column
probably proceed simultaneously.

The situation is radically different if only the If/g, shell is filled. This
gives a wave function which is again a single determinant but not the determinant
which the central forces would favor. On the long range force approximation,
i.e. assuming that the range of the forces is large as compared with the nuclear
dimension, the effect of the central and of the tensor forces can be easily calculated.
The effect of the central forces is decreased as compared with the wave function
of the L-S-model, the effect of the tensor forces, which would be zero in the
A-S-model, is increased. This is, of course, what one would expect from a
compromise solution.

The corresponding numbers are, per particle

f 7 121+ 3)
T and TR T
in which Ly and Ly are the MAJORANA and tensor matrix elements. The coefficient
of the latter is larger but the matrix element itself is smaller. Nevertheless,
the latter expression is, particularly for high I, larger than the former and will
modify the L-Swave function very considerably in the direction of thej - j coupling.
As for order of magnitude, Ly is about 30/A where A is the atomic number and
the whole energy gain is of the order of 1/4 to 1/2 Mcv per particle.

It is interesting to compare the above figures with those which one would
obtain if one assumed thej = | — 112 shell to be lower. Contrary to what one may
have expected, the situation is very much the same. The decrease of the part
of the binding energy which is due to central forces is again overcompensated
by the positive binding due to tensor forces. The difference between the internal
energies of thej = | + 12 andj = | — 12 half shells is quite small. It favors
the former shell but so little that one is surely unable to account in this way
for the rather substancial energy difference between the two half shells which
amounts to about 2 Mcv.  This energy difference must derive, therefore, from
another source which we shall try to trace in the following. Before doing this,
let us finish the present subject of interaction between closed shells by remarking
that a fully closed shell has no average tensor interaction either with afully closed
shell or aclosed half shell. However, the two closed half shells mutual interaction
is large and repulsive. This is evident since it must compensate for the attractive
interactions within the half shells. This does lead to a self-stabilization, and
a very substantial self-stabilization of the half-shells, which | consider to be
significant and to which reference will be made again later. Thus the calculations
to which | have referred so far do explain a substantial separation of the two
shells; they do not give, however, a sufficiently clear decision which should be
filled first.

2. The interaction of a particle outside a closed shell, or closed half
shell, with the particles in the closed shell, or half shell, is the same as the average
interaction of all the particles in the shell to which this particle belongs, with
the closed shell or half shell. Hence the interaction of a particle outside a shell
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with afull shell vanishes in the shell model, that of a particle outside a half shell
is repulsive. Thus when, for instance, the lgy. shell is filled, it will exert
arepulsion on a single particle in the shell, of a rather substantial amount. This
may have one of two consequences: either there will be a break in the binding
energy curve, giving the appearance of great stability to the lggg shell, or it will
lead to the filling of other shells of our fifth column before the Tg;, shell is filled.
Actually both events ssem to take place.

The interaction of an extra particle with those of a full closed shell
vanishes only as long as one uses the wave functions of the shell model without
modification, i.e. it vanishes only in first approximation. The next approximation
leads to a modification of the wave function of the shell model and to a substantial
attractive interaction. This has to be so since otherwise nuclei with only one
particle outside of a closed shell would not be stable. As far as tensor forces are
concerned, this modification of the wave function, and the corresponding energy
gain, has first been calculated by S. DANCOFF. However, his work has been largely
superseded, as far as numerical results are concerned, by the work of
FEINGOLD (1952).

FEINGOLD'S calculations are confined to the Ip shell in which the
J"-I-model is not yet expected to unfold itself fully. He used a variational method
and found an energy gain, due to tensor forces, of the order of 7 Mev per particle.
This goes far to correct the defect in binding energy which earlier calculations
showed, under neglect of the tensor forces. At the same time, the wave function
is modified only to the extent of 4. 1/2%, i.e. the shell model gives in this case,
for only a single particle outside the closed shell, about 95% of the wave function
correctly. (In this cae, again, the j -j and L—S—modds give the same wave
function). At the same time, FEINGOLD obtains a difference of 0.8 Mev between
thej =1 + 1/2 and thej = | — 1/2 levels. This, as well as the whole effect
of the tensor forces, results from a polarization of the closed shell, in FEINGOLD'S
caee the He' nucleus.  This has to be so since we saw that the unmodified closed
full shell does not interact with an outside particle. The splitting of the level,
i.e. the energy difference between thej = / + 1/2 and the j =/ — 1/2 levels is
due to a rather involved operator

V =9f(n) f("is) ("‘rz -ria) (e X g oy Xooy) .

This operator should give, in first approximation, the same result which the
ordinary tensor operator gives in second approximation. Those familiar with
group theory will note that this V is a vector operator and this causes it to give
a different value for thej =/+1/2 and /=1 — 1/2 levels; j(r) gives the
dependence of the tensor forces on the distance.

It is satisfactory that we have obtained, at least in second approximation,
asplitting between the/ =/ -f 1/2andj =1 - 1/2levels. It is aso satisfactory
that the/ = / -f 12 level is below the/ = | - 1/2 level and this may be the
real explanation that the former shell is filled first, the latter only afterwards.
We noted before that the first approximation gives no appreciable difference
between these levels. It is not satisfactory that the calculated energy difference,
0.8 Mev, is considerably below the observed difference of about 3 Mev. The
calculation is inaccurate, as all variational calculations, and there is some reason
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to believe that one would obtain a larger energy difference with an improved
calculation. However, it remains questionable whether the whole difference
can be bridged this way.

We can further note that the interaction is not of a simple 18 type;
it is much more complicated than the prototype of such interactions

(o3 + a5 . py-— py X ) flrg)

In fact V is athree-body force. Hence, its effect is more difficult to assess under
more general conditions. This is only another expression for the fact that the
tensor forces do not lead to the simple/-./-coupling scheme. Therelatively involved
nature of V has, on the other hand, the consequence that it is similar to a
dispersion force, i.e. it is, like the LONDON-WANG effect with a rather high
degree of accuracy additive for the particles outside the closed shells.

3. The above should complete our discussion of the interaction of
a single particle outside of closed shells or half shells with these shells or half
shells. There are only fragmentary data for the interaction of particles within
unfilled shells. Most of the results are due, here, to MAYER and to KURATH, both
at Chicago. Most of their results are only qualitative but reproduce some of
the empirical facts in a striking fashion. However, they are based on a complete
neglect of the tensor forces or of any other forces which might cause a spin-orbit
coupling.

The only calculations which take the tensor forces into consideration
and with which | am familiar are those of FEINGOLD. They are confined to the
\j) shell, i.e. to very light nuclei and are summarized in the following

Nucleus E'.l‘ % ﬁﬂmk Agup.
Lt 10 Moy 515% 1.4 M 3.5 Mov
LT 9.5 " 4 9% 03 " 048 7

The Er is the total increase in binding energy, due to tensor forces, the percentage
modification of the wave function is given in the third column. The fourth
and fifth columns give the calculated and experimental energy difference between
normal state and an excited state. We se that, again, the calculated energy
differences have the same sign but are smaller than the experimental ones.  Similar
remarks apply to those made after the He® calculation. It should be noted
though that the percentage deviations of the wave function, given in the third
column, are from the wave function of the L—S—coupling scheme, not from the
wave function of the /-/-scheme. This ssems to me to be more unsatisfactory
from the point of view of thej - j scheme than from that of the calculations here
presented: a rather thorough survey of the experimental data which | have under-
taken about a year ago (WIONER, 1951) indicates that the L—S—coupling wave
functions give a more fair picture of the properties of these nuclei than thej - j -
coupling wave functions. The situation may well be different for heavier nuclei.

CONCLUSION

The assumption of central and tensor forces, acting between pairs of
nucleons, does not lead to a simple j-j-coupling scheme. It does lead, however,
to a picture which shows at least a qualitative similarity to observations and
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reproduces many of the qualitative features which one derives, ordinarily, from
the .j-j-coupling scheme. It is not possible to determine from the calculations
which have been carried out 0 far whether the tensor forces give a full substitute
for the phenomenological .j-.j-scheme. The feature of the calculations which
are presented here and which is perhaps most attractive is the repulsion between
half shells which may be the reason for the rather marked discontinuity of the
binding energy at the magic numbers. The usual j - j scheme does not give a full
explanation for the larger magnitude of the discontinuities at these than at all
other completed shells.
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DICUSSION

ANDERSON: Could you make clear where the distinction between the neutron-proton
interaction and the neutron-neutron interaction, occurs in your work?

WIONER: Most of the time | was speaking about either neutron-neutron or proton-proton
interaction and not about neutron-proton interaction. Clearly the shells must be due to
interactions between like panicles. Otherwise, the proton numbers which show great stability
would depend on the number of neutrons which are present and vice versa. However, the
quantitative work of Feingold, and many of the earlier calculations, do take both interactions
into account. However, the considerations concerning half shells, which wen; more genera
and qualitative, only the proton-proton or neutron-neutron interaction wen; taken into account.

ANDERSON: YOU would say then that this is evidence for a tensor interaction between
neutron and neutron. Do you know of any other, any independent experimental evidence ?

WIONER: | do not know of a very direct evidence, but it now seems that the quantum
number T, the isotopic spin quantum number is a good quantum number. It can be a good
quantum number only if the neutron-neutron interaction is substantially equal to the
proton-neutron interaction. Hence the neutron-neutron interaction must contain a tensor
part because we know from Rabi's work on quadrupole momentum of the deuteron that the
proton-neutron interaction does.

RABI: Do you have an estimate of the order of magnitude of this repulsion between
half shells?

WIONER: | would rather like to give the repulsion of a single particle by the closed
half shell. This is close to the experimental value, which is probably quite accidental because
most of the other results are very far fromit.

RABI: In that case, | do not quite understand what you meant when you said that,
when you began to fill the next half shell after the .goo, the g2, the particles are distributed
in quite a number of states, let us say, you add the first particle and it definitely goes to the
gz, you would then know where the next one went. Is that it?
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WIGNER: When the gy, shell is filled then the g;, orbits are raised. As a result,
the next particle may not even go into the g, shell but into another shell.

OEHME: Are any parts not filled very well in making this assumption which you wrote
under number one. This means the neglect of the many body forces in the nucleus, and | know
that if one wants to introduce manybody forces it is nearly impossible to make mathematics
like that, but can one say anything more or less intuitive of how manybody forces will change
for example the interaction of extra core nucleoli with core?

WIGNER: | do not know. It is very likely that manybody forces play a role. In
fact, I think it is hard to believe that if there are no manybody forces any independent particle
model would be very accurate. In other words, probably the fact that the independent particle
model is at all approximately correct is probably due to some degree to the joined effect of several
mesons or to something that can be described with manybody forces. But in the calculations
which have been carried out by Feingold and others, the manybody forces were not taken into
account.

ANDERSON: If | may get back to the point that you raised about the isotopic spin, |
am not willing to accept so readily your explanation because neutron-neutron and proton-proton
belong to an isotopic spin triplet, whereas the neutron-proton is mixed in isotopic spin singlet
and isotopic spin triplet, and the interaction might be different. The existence of a tensor
interaction exhibited in the deuteron does not necessarily show that such an interaction will
also be present in neutron-neutron or proton-proton interactions.

WIGNER: Unquestionably, there might be a difference between neutron-neutron and
proton-neutron interaction but the weight of evidence, and some of it was presented by you,
is that they are nearly alike. A piece of evidence which is not often quoted, comes from mirror
nuclei. The transition probability for 3 - decay between mirror nuclei would be smaller if
there was a substantial difference between like particle and neutro-proton interactions.
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I. INTRODUCTION

The limitations in the choice of a mathematical formalism adequate to
the description of physical laws were always introduced in the theory: in the
prerelativistic physics such limitations were assumed in the choice of Euclidian
space and absolute time and the use of a causal Newtonian mechanics of point —
particles, and in the present day physics many other limitations are introduced
in the relativity and in the quantum theory.

It seems that new limitations must be assumed in order to obtain a
consistent theory of fundamental particles and of nuclear forces. The first step
is, in our opinion, the assumption of a non — local theory of fields, satisfying the
postulates of relativity and of the quantum theory.

The definition of non local interactions and of non local fields has been
given many times. Speaking of interactions we shall distinguish the direct
interaction between two particles or two fields (of the type one has in the
Compton effect, or in the high energy proton-proton collision giving rise to
meson production) from the indirect interaction due to the exchange between two
particles of some other type of particles (created and annihilated during the
interaction), as in the example of Coulomb interaction interpreted by means of
the Dirac-Fock-Podolsky formalism.

We assume all direct interactions to be short-range interactions and thus
we exclude "actions at distance”. MARKOV and YUKAWA have pointed out
that the representation of the fields in the usual quantum theory of fields should
depend explicitly on the pairs of non comnutable operators ., p, (u = 0,1,2,3}

[x# VPe] = LY FREE R ﬁ('r’.u - J?""); pr = ik 5’(111- - 1) gn

and thus the field components ¥ are in general non diagomal in the wx,
representation {e.g. in the representation where x, are dingonal <#'fyg|2”> is
not. of the type J(r") §{z' — ='")). Recently BrLocH, KmisriNsEN & MoLLER and
liavsky have shown how such a non local theory of fields can be built,
uml how the Lagrangizn operator, the commutation relations and the S-matrix
formalism can be established. Such theories are culled non loeal, hecanse the field
romponenta yx are operators, which cannot be defined unambiguously in one point
of the space time.
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We shall introduce for every ficld eomponent new parameters:
1 1 1 F ol
£#=E($’n+-"ﬂ '?»=E(m.n_xﬂ
and assumc that the existing fields helong to the general type of “separable’
fields:
<2/ [$12"> = 2 x5 o () (L)
We shall eall ., external ecordinates and », internal ecordinates,

making some assumptions on the behaviour of . (n,).  According to Brocr and
others, we can normalise ¢(y,) in the following way:

fwr(n,.) d'g =1 )]
and obtain for every field component ¢ un “amplitude”;

Vg = = e (8

In all proposed nob local theories this “amplitude” is assumed to
correspond approximately to the usus! type of representation of a local ficld in the
ensen of “slowly varying fields’' or for small values of momenta (where ohviously
the definition of “small” or “‘slow” is related to special choice of the Lorentz frame
of reference and to the value of a universal constant I}, Let ¢, (F,) and A, (#,)
be two sieh representations of amplitudes of two fields. Then the ususl bilineur
local interaction is deseribed by linear combinations of

¥ () A, (F) =f¢r(£’;¢) 3(Fy — &) ... ALES) A
Whereas the substitution of § (£ — £ by a form-Tetor D(—;— (£ - E”))

gives an example of n non-local interaction:

1= [y (*’—2“) 4,0 4 B

In order to fulfil the covariance requirement, the universal form factor £
must be an invariant with respect to the full Lorentz-group.

It is well known (Markov, Pals & UnnLenseck; MaNus & DIElsRLSs;
FrynMan.), that such an interaction is equivalent to the formalism, proposed
yesrs ago, ol relativiséie cul-off factors in the momentum representation,

Initleed, putting £ = ';—(E' + ;= -% {(n" — 7"}, (3) can be written:
1= fo(6+m Din) d'n 4,6 — w) )
and, indicating by & (K), J(p), g(p") the Fourier transforms of 7} {m}, ¥, 4,:
A ¢
D =[O dK & w it + w) = f100) a'p LTHEED

A —m) = fg'(p”) & P” e‘?";(&"—-u'j
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we obtain
I= f d'p d'p” 1) gy £ Evf SERT TR gy LR PR =
= [&' &' [ 0@ T a5 @m

where the cutoff factor {p’, — p”,) is o relativistic fnvariant depending on the
4-vector 'y — p”e. The inverse theorem i also true. Putting Gip" — p') = 1,
vne obtains usual local interactions. 'We want to point out that the simple claim
of invariance of D(») or of G{(p’ — "} is by no means suilicient to vbiain consistent
and convergent results in the theory of interactions, As woas mentioned in some
previous paper, the definition of I and (7 rests casentially on the choiee of this
operator in some special Loventz frame of reference, depending on the momenta of
the interacting particles. It is the purpese of the following remarks to discuss
this problem and the solition of it suggested in previous work,

II. THE C-SYSTEM OF REFERENCE

We begin with consideration of group of # relativistic particles having
coordinates rﬂn ate] moments p'f’(g =0,1,23 K =12 _ nand having no
interactions, and we «hall make use of the elegant method suggested recently by
Sumokay, modilying it slighly.

Tlet ua put: e =L, & =1 and for the metrie-tensor components;

ynu= —y“ - _ﬂr.- - —ysa= 1.
Loet:
po= 2 2]
Kl
and let us consider the case:
P P =P - P Pl —Pl=mi>0 49

Introducing the umit-vector velovity:

L
u,.=f?uP_.‘ gt =1 P =my> 1)

we shall find useful to ronsider separately the “components” of 1-veefors and
tensors parallel to 1, and “normal” to this velocity,

Putting
5 zi‘.‘(] o oF = iR g
yff” - xf..m _ A " "'LM = p:ﬂ LY Uy
wo have:
¥k =0 =0

Introducing the angular momentum tensor M, 8nd its dual tensor
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Mo = %E,M, M* (where Zga, is the totally antisymmetrical peeudotensor),

and putting

o = Mu i Oy = Mgy ®
we luve:
gp v =10 Iyt =0
The center of mass JI'{I.]T‘I(! of refersnes, or the C-system, is defined by the
ennelition: ; = .‘J;( I =1{)

P === Py=img =2

Hy = L Hy = Ha = Ny =11
Thus the components of g, are (0, M, My, My
and of Ty are (0, Wa, My, M)

An arbitrary displacement of the origin anil u rotation in space ean still be applicd
to the C-upstem.

>

+
o K K (K1 K [£3) K
(e has alwo: ¢ = .rf, ! = P =7 :r.[_\ =1

In order to define conveniently the world line of the conter of mass, let s
consider, in the (7 - systeny, the simultaneous position of » particles corresponding
t: =g -1,

Y
One has then: 2% = ™ a0 =t wi=0
The spave-time coordinates Yy, of the conter of mass ean be defined hy:

(K §K)
my Yu=3 o™ 1y

The spuee roordinates are: g =g | W =¢: ; ¥ =i}
By = suitable displacement of the origin one obtains:

Yo=1t=af m=wm=y=0

In the gquantum theory the definition of the world line of the center of mass ¥,
cannot be given beeanse of the uncertsinty relations.  Indecd the commutation

rules give Y, P — 7 g, =1 A8, and a;;,‘a.f’",::;—-;—‘

Thus if & group of & hon interscting partivles s characterized by their momenta
pf..m (sharp values) and by the corresponding plane wiwves, it is obviously impossible
to dofine the space - time coordinates of the center of mass.  Congidering the case
where there is an interaction between particles, one has to take inte account the
variations of pif and the creation and anihilation of partieles. The introduction
of a non local quantum theory of fields seemy to be unaveidable,

1. THE D-DOMAIN OF INTERACTION

Let us consider a representation of a field < 2' | x" > supposing the &
to be diagonal, and let us assume that the internal eoordinates 9 = % (7 — ")

are unnbservable. The function go(q[ ’} normalized as in (2), will be defined later
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and will vanish for every value of n, satisfying |n, | > I, where ! is a universal length.
In other words we assume that there are no means to distinguish hetween the
coordinates ry, and the external coordinates £, of » particle.

Iet us consider two “classical” particles and let «°, and &, be their
eoordinates, and p, p'’, their momenta. Weshall define a 1) - domain of interaction
wwsuming that the interaetion takes pluce if, and only if, the relative coorlinates

:

— f’
T = ;—%"—' satisly the following condition:
2y W — g £ F 8

where 4" = lJ"“" and Po=p.+ 9"
g
PPt = md (P and i are commutable in the guantum theory), In the ense
of two colliding particles: my > 0
In the € - system of two particles the condition (8) becomes:

mtAtntmnss (89
{B) restricts the 8-dimensional space of events (&', +”".) to o speeial subspace D
of couples of events, and this subspace is defined in an invariant way by (8).
Obviously in the quantum theory the complementarity of the measurements of r,

and g, restriets our possibilitics to mensure the coorilinates Y, of the conter of
mas in the ease when p', p, and w4, are known with given uncertainties Ap, Au,

In a similar way one can formulate the conditions of interaction between
n particles.  [n the case of 3 particles one defines the D), - domain by the
requirement that two conditions must be satisfied by the relative coordinates
of the ecouples {2,3) and {38,1):

2

2(tf‘ ﬂﬁ.a))z — “?E'm "u(:’.a} < (_;')

. e ®

2" ”f.n)s _ ‘?ﬁl.ll qur:a,n < (E)

It follows that dso (8) is satisfied by the relative coordinates of the couple

(1,2). We say that (9) defines the D - domain of interaction of the group of 3
particles.

The special choice (8) or (8') is suggested by the symmetry considerations
and by the consideration of a classical model of short range interaction in which the
time interval of interaction decreases when the spatial collision parameter of the
trajectories of two incident particles increases.

IV. THE G-OPERATOR

C. Bloch, Kristensen and Mollcr and Haysky have shown how an
S- matrix can be calculated by the method of Yang and Feldman, and have
pointed out the non hamiltonian form of a non-local theory. The hamiltonian
formalism is obtained in the limit of slowly varying fields.

We shall also postulate that the non local theory must give the results of
the conventional local quantum theory in all casss in which the direct interaction,
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eonsitdered in the corresposuling ¢ - system, involves only moments of created
and anihilated particles, which aro small compared with the critical momentum
Pe = ot = r‘ .

[t induces us to nssume that in this limit (all |, | <<p.) the {orm-factor
Dy (1) voineides with 3{g}, and the cutoff factors G (p’ — p”) or G(p) are = 1.

In order to illustrate our method, let us examine the Compton effect
and the multiple meson production. In the Feynman graphs of Compton effect,
we shall proceed by introducing the G - factors at the vertex-points [and shall not
alter the propagation laws of free particles (plane waves)]. As it was pointed out
by Ascoli, the C - system for the first graph in which the photon is absorbed first,
is the system of the two incident particles, whereas for the second graph, in which
the photon is emitted first, the C system is the rest system of the incident electron.

In the case of a high energy collision of two protons, giving rise to the
production of one or more mesons, the (7-system of two incident protons is
individualised as the one in which the total kinetic energy of the particles before
the interaction is a minimum. The experimental data concerning primary high
energy protons in cosmic rays show (see the discussion in a forthcoming paper)
that in most. probable cases the protons lose a consicdlerable fraction A # of their
otal energy E = pi’ 4 pi and that AE<E —» 1 as £ increases.

We postulate that the stutistiesl competition between many modes of
relense and distribution between ereated partieles of this great amount of energy
A X s determined hy the statistical weight of each mode anil this statisticsl
weight is altered by the euteff 7 - factors for each croated particle. So we find
for » ervated particles that the element of the 5 mateix will be altered by u Maetor
™"y 2™ .. (™) which, in the local theory, is = 1.

From previous diseussion it, follows that a speeial choiee of the 7J, - domain
or of the @7 - factors ean be Justified only by the ecompurison with the experiments.

A discussion of the sugmested choice will he given in a fortheoming Pard 2
of this attempt of a non-leeal theory (in the Nuove Cimento).

DISCUSSION

BOHM: Could you explain in more detail just how the multiple production would be
related to the non-local field theory and how it could furnish evidence?

WATAGHIN: Let us consider two nucleon collisions. Then, the first question arises
how much energy can be transferred to the created mesons. What is the degree of inelasticity
- - how much of the kinetic energy (measured in the centre of mass system) of the two protons
is transformed in meson field? As far as we know there is some evidence in favor of very high
inelasticity for high energy collisions which is of the order of 20 to 25% for collisions in which
the energy of incident protons, measured in the C— system, is of the order of 10 ev, and goes
in some high-energy cases to ~ 90% of inelasticity. In an example which was discussed by
C. F. Powell in Copenhagen, practically all of the incident kinetic energy was transformed.
Let us consider the center of mass frame of reference. Lot; us indicate then by E; and E, the
relativisti!(; energies of two incident protons and by E; , E, the final energies,

R
By Eym By B+ EI gy= By B9+
A
where ¢, are the total energies of the created particles. We have the final energies of the two

nucleons after the collision negligible in comparison with these initial ones and we want to know
the probabilities of various possible values of s, * and of various spectral distributions of L
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Let us consider an example — (he total energy transformed E; + E, — E; — E' is of the order
of 10 (Section volts. The problem of spectral distribution and of the number n of created
particles is connected with the statistical factors in the momentum space. From the form
factor D(u) or from its Fourier transform G(p) one can deduce these statistical factors and one
finds that the probability to obtain a created particle of a very high momentum is strongly
reduced by the cut-off operator G(p). Evidently if we cut-off high energies then the probability
to obtain in the collision one meson of very high energy becomes less than the probability to
obtain many mesons of low energy. In the C--system we find that in the above example! the
most probable value of is of the order of 10™° ev, and this event corresponds to n . 16%.

BOHM: IS it still possible to obtain multiple production, for example, if you have a
strong coupling as Lewis and Oppenheimer among others have studied but not finished?. They
have considered scalar forces thai are so strong at short distance that you might still produce
many mesons and not have a cut-off and not have a non-local theory.

WATACHIN: | think that if you consider pseudo-scalar mesons with pseudo-vector
coupling, then for high momentayou obtain avery strong divergence, so that you must cut off.

MOSHINSKY: In what way will the theory alter the angular distribution of the produced
particles?

WATAGHIN: The choice of the form-factor proposed here gives an isotropic angular
distribution in the center of mass system.

MEDINA: Perhaps | am now in a better position to answer your question in Rio de
Janeiro. | must say that | noticed that the similarity between your results and mine is much
closer than | thought in the beginning. As a matter of fact 1 do obtain a cut-off factor very
similar to yours except that there appears as a Haenkel function. The origin of the factor, however,
is entirely different. In my theory it arises from the fact that if one introduces a measure in
configuration space, in order to have an adequate unitary transformation (Fourier transform)
allowing to pass to momentum space, one has to introduce? a measure in the latter, which measure
is determined by the one previously used in configuration space. This measure determines
the cut-off. |:i regard to your question as to the universal character of a, | think that you are
exactly in the same case where 1 am since your fundamental length is not necessarily a universal
length. You could change your length for different couplings, as | can change my a. Would
not that be so?

WATAGHIN: To this last question | would like to state that in the present attempt
of anon-local theory 1 introducejust one universal length, and try to seeif one can deduce different
mass-values from such a theory.

LEITK LOPES: The usual quantum theory of fields gives a precise prescription for
associating particles with fields. How do you associate particles with non-local fields?

WATAGHIN: C. Moller and Kristensen show in aforthcoming paper that it is possible
to apply the usual quantisation method to the non-local fields.

LEITE Lopes: What are the commutation rules?

WATAGHIN: | assume the validity of the usual commutation rules for free fields outside
of the interaction regions. Now, what happens in these regions | cannot explain in a simple
way. The interaction is different for different Fourier components, so one should use the
commutation rules in momentum space. For those in space-time one must take into account
the fact that different Fourier components obtain different relativistic cut-off factors.

MOSHINSKY: | would like to point out that it is possible to construct relativistic
interactions in which no cut-off procedures are involved by considering interactions that are
restricted to a 4-dimentional sub-configuration space of the eight-dimentional configuration
space-time of two particles. It is aso possible by this procedure to construct compound particles
that can disintegrate into two or more elementary particles.

WATAGHIN: Is it in your opinion excluded that such a result could be obtained
by a kind of non-local theory?

MOSHINSKY: In the case of pure scattering the interactions were of a local character.

ROHM: AS regards the question of gauge invariance, have you any possibility of asolution
to this kind of a problem?

WATAGHIN: | shall refer to you some talks | had with Pauli and with Moeller. Kris-
tensen and Moellcr in a forthcoming paper — in the Danish Academy of Sciences — show that
the gauge invariance can be fulfilled in the S-matrix theory when you integrate in space and

_ 18—
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time. They think that it is impossible to fulfill the gauge invariance exactly in a non-local
theory and it seems to be the correct answer.

MEDINA: | would like to make a remark in connection with Dr. Moshinsky's question.
It seems to me that in ordinary field theory without the necessity of going to measure or to
non-local interaction we already had tha* sort of compound particle that he mentions. This
iswhat we call avirtual particle. It seems to me that Dr. Wigner once pointed out the fact that
virtual particles going from one vertex to another of a graph do not possess the ordinary properties
of a particle. This is an indication that these particles should be considered as some sort of
compound particles.

MOSHINSKY: The procedure of introducing boundary conditions in a subspace of the
configuration space-time of a number of particles, leads to compound particles with structure

which may have areal or virtual character, depending on the position of the poles of the scattering
matrix.



On the Low Energy p -Mesons from = -Meson Decay*

G. E. A. FIALHO

Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, D.F., Brasil

I't has been recently proposed (PRIMAKOFF, 1951; NAKANO el al., 1951,
EGUCHI, 1952; FIALHO & TIOMNO, in press) that the short M-mesons track observed
in the decay of n-mesons (FRY, 1952) should be explained as radiative decay:

r—>pu+r+ kr (n
in competition with readintionless rlecay

r—rpt [#5]
The agreement of the theoretical value for the frequency of g-mesons

with energy smaller than 3.5 Mev., computed nnder the asapnption that the
w-meson has spin 1/2 and no nnemalous magnetic moment, with the experimoental

WE T

ol

Fig. 1
result is satisfactory, The fact that the theotetical result in“somewhat smaller
than the experimental one leads v to examine the possibility that the p-meson has
an anomalous magnetic moment (jek”2 g ¢) s suggested in the paper by Fiauno
T * Supported by the Consrlha Nacional de Pesquises,
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& Tiomno (in press) (here referred as T). We hope that these results will be
helpinl to decide on the properties of the p-mesons when more precise results will
be known about the frequeney snd energy distribution of “anomalens” x-deeays,

Wo mako the same assumptions as in Paper I, exeept that we take for
the TEamiltonian of interaction of the g-meson field with the electromagnotic
ficld A:

TV A G A2pe) Y Py @

The probability per unit thne per deeay of the radiative process (1), is
readily found by Frynsan's method (we take A=c¢=1);

AW =(z8p ' B E )M D {4)

where p ix the mass of the w-meson, pp is the mass of the s-meson, assumed at
rest, pf,, p¥ and ge are the cnergies of the peotring, w-meson and photon,
respectively; the summation 1= to be extended to the polarizations of the plioton
ahd spins of the p-meson and newtrino, Also

Ddpd{ees8) = (B, & p°/8x* K - p,) dp d(cos 6) . {53

i% the number of stutes where the g-meson has 2 momenttitn between pp and
o + dp) and an angle between # and @ + 48 with the momentum pX of the
photon.

Finally

[ 1
ﬂ{z(]/“)_(\h I",\"f + R“f’ +

1"_-, \/n v —(—WH—‘-——‘ ‘\/__
¢,.) {n)

s the mairix clement for the (rangition expressed in the momentum space.
We find:

W, 8) dp d(eos 8) = G P/ Ep- i+ (1 + ' Ju+ S hi} dp d(cos 8) (D)
where f, nnd [, are the same as in expressions (Ba), (Gb) of [, and

L= (B —B S P oo - B+ Peos6)* (B — Peosd)} (Ta)

(027 Y opky— g k) + 76, ]

Here p = (p — Dus2panil pfy = o+ 13 w2 p are respectively the maximum
momentum and energy of the ¢mited g-meson,

[niegrating over (he angle @ we obiain for the probability per unit range
of 11y

w(l /o) =w 4+ (4 Y w+Fw ®)

with .
(o, s w) = W, PP 2x B P, (F.; Fp i F)) (9)
where W, =G 2008 - 105 o' {10)

is the probability per uwit time of pmrcss (2); Fc and Fm are the same as in
expressions Ta, Th, of 1 and

Fi=(BE-1)— (K -E/P -glE+P -1/ (E-P—1/p. 1 (11)
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The probability that the st-meson will have a momentum less than P was found

by graphical integration:
WP) =W+ (1+) W+ 7 W, (12)

with

Bt
(We; Wy Wi} = [ {we ; w sw,) dP/P, {3

[S3

In Fig. 1 (upper left corner), we give the values of W, W, and W,
plotted against P/P, In the same figure (lower part), the curves for W(P) are
given forj = 0,1,2. The experimental point obtained by FRY is also indicated.
As we can see, the magnitude of the experimental error does not yet permit us to
decide which is the value of the magnetic; moment of the /u-moson. Other
experimental points will be helpful to decide which curve corresponds to the

actual case.

The author is indebted to Prof. J. TIOMNO for the suggestion and
orientation of the present work, and to Prof. R. P. FEYNMAN for helpful discussions.
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DISCUSSION

BUCK: I would like to ask about one point in the assumptions which intervenes in this
calculation: that is essentially the Coulomb field of the m-meson. The radiation is due to the
Coulomb field of the p - meson which is moved and to the magnetic spin field of the ju-meson
which may be normal or anomalous. But now the question is whether we can suppose, just
for symmetry reasons, that the s-meson being a pseudo-scalar particle has really only a Coulomb
field or whether some anomaly may arise there. The only pseudo-scalar particle which we
know well is the positronium. For its behaviour it is certainly essential that it has not. only
a Coulomb field but a field that has a rather complicated structure. I should like to ask whether
then' are any reasons which could induce us to believe that if there is some electromagnetic field
of the 7r-mcson of more complicated symmetry its effects must be so small that they can be
neglected with respect to an anomalous magnetic moment of the p-meson.

FIALHO: I have taken for the 7r-meson the usual pseudo-scalar description which does
not consider any more complex structure of the. field. 1 don't know how the results could bo
modified in the formulation that you suggested.

DEUTSCH: I should like to add a question to that of Prof. Beck. Isn't it so that in the
case of positronium the electromagnetic properties of the singlet S state which is the state to
consider, are essentially due to the possibility of internal excitation that is due to the possibility
of interference with the triplet state. If you would assign similar properties to the m-meson,
would you not tacitly assume a similar possibility of internal excitation or structure for the
m-meson?  Was that what you meant to imply?

BECK: Yes, it would mean essentially that there are higher states which may be excited
meson states.
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WIGNER: | understand that you consider the consequences of the possibilities that
the p-meson has an anomalous magnetic moment.  Such an anomalous moment is most probably
duo to someinteraction of p-meson with another field. There was a good deal of discussion whether
one can describe this situation adequately by a phenomenological term as you use it. Canyou
give us your opinion about thin?

FIALHO: If the p -meson has an anomalous magnetic moment of the magnitude here
considered it is surely due to interactions with known fields. Therefore it can be only of Pauli's
phenomenological kind.

TIOMNO: | would like to add an observation about the main results of this work. At
the present moment, experimental errors on the radiative decay spectrum are still very large
and it is possible that, in the end, the experimental results will be consistent with the presence
of no anomalous magnetic moment. So, the main conclusion about this work may be stated
as follows: |f the experimental results will turn out larger than in the case of no anomalous
magnetic moment, then this result will exclude the possibility of spin zero for the p -meson.
The experimental result on the energy spectrum of radiative decay probably will not alow
a decision among the two possibilities of spin 122 and spin 3/2 because in both cases one may
have an anomalous magnetic moment of the type considered by Pauli.



The Interpretation of Racah's Coefficients

E. P. WIGNER
Princeton University, Princeton, N.J., U.SA.

The Racah coefficients are ordinarily used to obtain the proper wave
functions for atomic or nuclear configurations. They can be interpreted aso
in connection with matrix elements of scalar operators which are irreducible tensors
of a certain rank a as far as the spin variables are concerned, and tensors of equal
rank as far as positional coordinates are concerned. The two states of the matrix
elements in question must belong to the same representation .J as far as rotation
of all the coordinates is concerned but they may belong to different representations
L and L' with respect to the rotation of the positional coordinates. The same
applies to the representations S and S which relate to the rotation of the spin
coordinates. The Racah coefficient W(J e, LL', SS) gives the ratio of the matrix
element in question to the matrix elements of the product of the irreducible tensor
operators between states which are characterized with L, S and L' S.

The Racah coefficients have aso a geometrical significance in the
product space of the 2 J + 1 dimensional spaces of the irreducible representations
of the rotation group. This point arose during a very stimulating discussion
with Dr. Herring.

livery rotation gives a transformation of the vectors of this space by
means of the irreducible representations. The quantum theoretical operation
of time inversion commutes with all rotations; it provides an invariant metric
in the space which permits the raising and lowering of indices. The coefficients
of the vector addition model are the invariant vectors of this space.

Every representation can be subjected to unitary transformations.
These do not leave the vector addition coefficients invariant. The Racah
oceffictents are those combinations of the former coefficients which are
invariant aso under the latter transformations.






On the Connection of the Scattering Matrix With Causality

WALTER SCHUTZER AND J. TIOMNO
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Centro Brasileiro de Pesquisas Fisiras, Rio de Janeiro, D.F., Brazl

The scattering matrix (S - matrix) formalism (WHEELER, 1937, HEI-
SKNBERG, 1943) is very helpful for the study of the scattering of particles and aso of
nuclear reactions (WIGNER & FISENBUD, 1947). The derivation of the scattering
matrix from the potential interaction is straightforward, but this potential
is not always known; besides this, theories with well defined scattering matrices
which do not correspond to a potential interaction are possible. It is dso known
that the poles of the S - matrix on the positive imaginary axis of the momentum
complex plane determine the bound states of the particle plus scatterer. These
facts make it important to know the restrictions that should be imposed on the
$ - matrix in order to obtain a theory with physical meaning.

The property that the S - matrix should be unitary was recognized since
the beginning as one of such conditions:

8t8 =1 5]

This 4 & eonscquence of the condition for eonsorvation of probability. Also the
property that
S(—hk 8k =1 (2

is usually imposed in the one-particle theory. This is a consequence of the
principle of microscopic reversibility.

KRONIG (1946) made the suggestion that the imposition of the causality
condition on the scattering matrix formalism for the scattering of particles would
result in a supplementary condition for the S - matrix. "Causality condition"
in this connection means that there can be no scattered wave before the incident
wave reaches the scatterer.

In a previous paper we have shown that the condition for causality, defined
in a somewhat different way, however, implies that the poles of the analytical
function S(k) which describes the elastic scattering of non relativistic spinless
particles with zero angular momentum are either on the imaginary axis or in the
lower half plane of the complex k - variable (SCHUTZER & TIOMNO, 1951;
MOSHINSKY, 1951). This property isthe analogue of the one discovered by FOSTER,
CAMPBELL & ZOBEL (1922 - 1924) for radio amplifiers and by KRONIG (1942)
and KRAMERS (1927) for the scattering of light on atoms. For these cases the
above authors have shown that the poles of the scattering function Sare all in the
lower half plane of the complex energy variable. It is known that the fact that the
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poles of the scattering function are not in the upper half of the k - plane (except
the imaginary axis) is useful because it permits one to understand the behavior
of cross sections within not too wide ranges of the energy near resonance (KAPUR
& PEIERLS, 1938, SIEGERT, 1939).

In the present paper the result of our previous paper is extended to the
caze of arbitrary orbital angular momentum and the meaning of the time dependent
scattering matrix a (/ — /', r, r') is analysed. It is shown that the condition of
"causality", defined as in the previous paper, imposes that there can be no poles
of S (E) on the upper half of the energy plane (MOSHINSKY, 1953) (first Riemannian
aurface). At first we restrict ourselves to a scatterer with finite radius "a".

Let us consider a packet of incident waves:

v D=2 5 pleos ) el (r,) 3)
Fr=p

with
A0 = V7 [ g B HEL g Cer) @
[}]

k Deing equal to v2mE. We use natural units: e = A =1,

The corresponding scattered wave ix given by

8= v’?fmg, (E) (8B — 1] 1Ly (kr)dE . (5

) (lenote the Hankel functions of the first

and second kiad, respectively.  We relate the first and seconsd sheets of the & -plane
with the two halves of the & - plane in the way used in reference 4.

We consider now the fnactions S (F) in the Mrst sheet and define the
(uantities

s e Hlyekr) i,
ﬂ(r;r'r)=§:€f@ [,S;(J’)-— l]ﬁﬁe Frag . ®

In the preceeding Tormulae H N oand H

This integral should be taken along wn *indented” path, the half circles
around the poles of J1*f4* and the eventual poles of 8, (E) on the negative E -axis
being on the upper part of the X - plane, The scattered wave can be expressed ay

A= [t b ®

for r, v’ > a.

If we take r = a we s that the scattered waves at a time t are
determined by the corresponding incident waves on the scatterer surface at times t .

In our previous paper we assumed as condition for causality the
following one.

"There can be no contribution to the scattered wave at atime t from the
incident wave on the scatterer surface at times prior to /".

Thiswas only satisfactory for s - scattering in the case of finite scatterer;
in general we should impose such condition only for very largeradii r. In the case
of higher angular momenta, even if the scattering potential is zero outside a sphere
of radius a, such a condition cannot be imposed because the centrifugal force
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potentials* are pot limited to a finite region. So we assume a more gencral
eondition for causality, which s valid even for long range poleniialy;
“There can he no contribution to the seattered wave at 2 time { from the
incident wave on a surface with very large radius (r, v — o) 1t times prior ta 2,
Or, in view of the independence of the partial waves we impese on the
Tunctions ¢

ﬂ’:(r.‘-?',r')BO,i’UI'r{O;r,r'—bm (8)
In thig eaze we takoe:
+= [ " -
7 (riri) =2if (& — DT TE T gy (i)
Wt

the “indented” path having the holf cireles wrouind the poles of S () (on the
negative £ — axis) in the upper part of the £ — plane.

From this we ghtain the result that there ean he no poles of 5;(E) on
ihe upper half of the E-plane.

The following analysis s helpful for understanding the meaning of the
funetions ay {r;v,v). We restrict omselves, for the sake of sunplieity, to the ease
of § = 0 and of linite scatterer hut the extension of the procedure to casen § 2> 15
immediate, xcept for a few convenient modifications,

Let us consider the functions

1

o {r) = VL (kr+ 8) {9a)
unel
0, (1) = = R (oh)
VR
whore &, = ¢ K, are the poles of the S, (k) funetions
8, (k) ~ & )

on the positive imaginuy & - axis

If we impase that these funetions satisfy a completeness condition (we
should observe thut these are exact wave funetions outside the seatterer as we
wwnme that the seattorer has a finite radius):

[Tamapartra@a0-ic-

for r,r’ > .
This is surely the case if 8, is derived from a potentinl internetion. Then,
ax HEmmeENuERG (1943 has shown, we have the relation:

o = 2xi Res S(k) > 0. (12}
K=ik,
Canversely, if we assume
ilee, S =1 Res S(k) >0, (13}
e

the completeness condition (11) is satisfied if we take
(€7 = 26 x Reay S .
* For higher angular momenta difficultics adae from the zercs nf Hff;b {kr) in thy fire

yquadrant of the k-plane. Wo are thankful to Profissor M. Moshinsky who ecalled our
attention to an casential mistake in the original form of the present paper.



284 WALTER SCHUTZER AND J. TIOMNO

It secms that such completeness condition should be imposed on the 8 - matrix,
So we impose this restriction in the form of eondition (13) for the poles on the
positive imaginary axis,

Now let us consider the “rompletencss function'":

Gir,v;t,t) = f dk ep () v, (1) e E 4
0

1 K e B e
+g—-;z J(_'".!”p Ko lrb ot VB te- 1) , {(14)
G(r,r’;:‘,.‘.)=4l—rﬁ(r—r’} , (14a}

with |€*,] given by (12).
Tlsing the propertiex of the 8 funetion, we ind:

I e i (B
(.‘:-G‘,—-g?f dk (N — 1)t TIEN 4

+ =3 Res, 8- Kalr b ® ) tt-1 , (5
L X
wherr 7y 1s the eompleteness function for Mree waves (= 0:
1 = B .
G (r 0 5t,0) = —,f sin ker' sin kre T g, (16)
2500

Finally one obtains, by changing the eontour al integrution to the in-
dented path used in the definition of ¢ {77, ¥} {sec expression (6)):

+ o= "l
e e o d B
6 -, = _8”:2/. (g — 1) GF 0 i B = (7

Comparing (17) with expression {6} we find that
4xi @

ot — ¥ v) = — (¢ —&). tI18)

Expression (18) gives the connection between the time dependent
scattering function o and the completeness function G (for | = 0). For higher
values of / a similar expression is valid only asymptotically.
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On a Dynamical Theory of Scattering

MARCOS MOSHINSKY
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I. INTRODUCTION

I n a recent paper, SCHUTZER & TIOMNO (1951) have shown that a causal
description of scattering can lead to restrictions on the S function (the single
component of the S matrix) of the problem. In this note we shall introduce
a dynamical description of the scattering that will give us, in an explicit form,
the causal description of the process. W ith the help of this dynamical description
we shall attempt to obtain restrictions on the S function, when arbitrary angular
momenta and relativistic energies are involved.

The causa behaviour of scattering means for SCHUTZER & TIOMNO
(1951), the absence of a scattered wave before the incident one reaches the scatterer.
In aformulation of single level scattering in Fock space, we (MOSHINSKY, 1951)
introduced an alternative criterion of causality in which the time development
from the initial state (plane wave) to the final state (plane plus scattered waves),
was given explicitly. The time dependent wave function that gave this
development (MOSHINSKY, 1951) contained the poles of the S function as
parameters. It was possible to show that this wave function gave an appropriate
description of the scattering process, only when the poles of the 8 function were
restricted to the lower half or the imaginary axis of the K (wave number) plane.
This restriction on the position of the poles is the same as the one obtained from
the causal description of SCHUTZER & TIOMNO.

The interactions by means of boundary conditions in Fock space that
we introduced (MOSHINSKY, 1951) were restricted to non-relativistic states
of zero relative angular momentum. |t has been shown by LOZANO & MEDINA
(1952), that the time dependent wave function for the system of two particle
(in the center of mass frame) interacting through boundary conditions, can be
given in terms of the S function of the problem by the expression:

bl d = tr [0l B+ 8 a - )

exp (— et} [h; (r) + 8 (&) A (xr)]‘ de , (1a)
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whiere the index o indicates that we are consilering internction for zaro angular
momentutn, and we have:

5, (e - B) = —;[a e—B)tin'le—E']e= lz & E=—& (b

RS
2

MGy =(+inr)y " exp{+icr) (1e)
In what follows we shall use natural wnits in which 2 =m =¢ =1,

Rather than try to generalize the deseription of intersctions in Fock space
ty arbitrary angular momentum and relativistic enecgier, we shall consider the
generalization of the time dependent wave function g (v, k,#) of (la), which
is given explicitly in terms of the S funetion of the seattering problem, Restrieting
oursclves to seattering processes in which the angular momentum is a constant.
of metion, the stationury state representing the plane plus seattered waves cun
be written as (Morr & Massey, 1949)

b lrode, ) = Eu @1+ 1) &P (eos 0) | Gr)

_ %[1 SR G Lesp (i B @)

where the index & of the wave function indicates ite stationary character, S; (&)
v the ¥ funetion associated with raeh angular momentum, and (Sreeaeron, 1941):

oy
Wit (o) = (21200 I3 35 () = (240) (T Y esp (280} 2 [(—10)"], B0
where Z; ix o real polynomial of order £ in ( — 7 p)"", of the form:
L= 3 a,,(—ip)"’ where a, real > 0, (3h)
p=0

The time dependent wave function ¢ {r L, that fakes us from the
initial plane wave to the finul plane plus seattered waves (2) ean be written in
the form:

Wk, = 3 204 D2 (oo ) 0 (kD) e
=0
where the ¢ must satisfy the following restrictions:
A 1 - 5
¥ (rke,0) = i (hr) = 2 [ (o) 4 0F ()] (50}

‘{in:’ [vh (r.k, .E)] — % [hf (ker) + 5 () AT (kr)] exp(~i B . (Bl

Outside the region of interaction ¢ (7, &, £ Py {cos #) must satisly a free particle
wave equation, Le. the Schrixdinger time dependent equation for non-relativistic
particles E = %272 or the Klein-Gordon equation for spinless relativistic particles
(B = (& + 1)%)

We know that (la) satisfies restrictions {5} and the Schrodinger tima
dopendent cquation when » = {} (Lozano & Mepina, 1952). Wo propose now
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a generelization of {1a} in the form given below, and we shall show in the following
sections that it satisfies (8) and the appropriate wave equations. The ¢ (r, k, 1}
is now given by:

@ (r ke ) = -;— Pf[ﬁ_.(t B+ 80 64 (e — E)] exp { = i)

X [87 (er) + 8 () gt Ger) ]* de (6)

where 4 (e — ) is defined by (1h) and Bt (kr) by (). The /7 stands for prineipnl
value of the integral (WHITTAKER & Watsow, 1043),

The delinition (G) fur ¢, (v, fz, f) applies only {as is 1so [Lozano & Mepixa,
1952] the case for (1a)) when there are no bound states, i.e. when S () has no
poles on the positive imnginary axis (Mgooer, 1985) of the «pline. When
there are bound states, we must add to (6) the residues of the integrand st the
positive imaginary poles, but as the explicit form of ¢ {r, &, to be obtainerd
helow will remain unaffected (MosHinsgy, 1051) we ean restrict our analysis
to the relation (1),

The delinition {6) of (v, &, ) s not as yet complete, as the integration
limits with respect to the energy are not indicated. Tt is at this point that the
non-rclutivistic and relativistic problems differ. In the first ¢ = &2, £ = £272
and the integratiom with respert to e takes pliee from 0 to = . In the relativistie
cnsee = (55 4 1)”, E = (&* + D% and ¢ is u two vielued function of «, Following
Ning IHv (1948} we now curry et the integration over both sheets of the Riemann
surface corresponding to positive and negative energies, and an each of them the
absolute value of e goes from | to e,

It is important to nolice that the only information we have on the
senttering procoss cohecrts the 8 () function and not the MNamiltonize, and
that therefore, the time-dependent deseription of the seattering provess that
sutisfies the conditions {5), is not given in a uninue wuy by (6}, Yet the impor-
tance ol the present developments lies in the fact that for an 8 (x) which is a
mevomnrplie function of , the ¢y (r, &, 0 of (i} ean be expressed a8 a sum of basie
time dependent wave functions {designated by x; (r, &, 1) in the non-relativistic
and w {r, {, ¢ in the relativistic case) associated with each pole of the 8 (x) function,
These basic wave functions have a very fundaments! significance in connertion
with tho time-energy uncertainty relation (MosHiNsky, 1052 a) and the pheno-
menon of diffraction in time (Mosainaxy, 1952 ). It is felt therefore, that
these busic wave functions would make their appearance in any seattering problem
in whicl the Iiamiltonian cquation could be integrated, as was the case for the
aingle level scuttering (Mostinsky, 1951) in Fock space and the seattering by
a short range potential (Mosrineky, 1952 b). As the rostrictions to be obtained
for the poles of the 8 (x) funetion are derived only from the behaviour of these
hasic wave functions, it is felt that they must have gencral validity,

It Seetions 1T and 11T of this note we obtain explicitly the time-dependent
wave funetions o (r, k,{) given by (6) for the non-relativistic and relativistie
ense,  [nsection IV the restrictions on the position of the poles of 5; () that result
fromn this dynamical description, are discussed.
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I1. THE DYNAMICAL DESCRIPTION OF
NON-RELATIVISTIC SCATTERING

We shall now derive from (G) the explicit form of ¢ (v, &, #} in the non-
relativistie case, e when e = 272, B = /2. We first list sume properties
of & (x) and AE (s) whivh will he needed in the following analysis:

S8 Ww=1, (Ta)
H(-0850) =1, (7h)
A G) = B () it (—o) = (— 1) 0 (o) (Te,d)

The relations (7a,b) (Nine FHo, 1948; Wianer, 1952) are valid for real & and from
them we have:

8t (—x) = &) . (8)
The identitics (7e,d) follow from the definition {(STraTTow, 18941) of hii (p) .

With the help of (7a) we can write (6) in the form:
i k0 = ]EP [ [6_(5 e B+ 8 () By (e — E)]h+ (xryexp( —~fef)de
=0

+4 pfo“ (64 e — B)+ 57 (06.(c — ) W (xP) exp( —iehde )

Wo express (§) in terms of the variable « using ¢ = £°°2, und in the second integral
we innke the change of variable « — — x . Integrating out the ordinavy 8
function usnd using (8), we obtain for even ! that:

(ke ) = %[l + 8 (k)]hf {kryoxp ( —iE¢)
+ % [l + 8 (k)M (k) exp (—3iEl)

+-—1*—P ‘/'W-J;S}—&h!+ (xr)exp (—def) ketx . (10m)

2xi -k

Fig i

Instead of taking principal value of the integral (10), we carry out the integration
around the contour C indicated in fig. 1 and we se that:

Pf —f=riRea(x=k}+riRea(x=—k) {100)
-m ©
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From (10a, b} we obtain:
'}"! (rykjt}=ji (A1f) (“‘p(_lE") B
+ (224)7! f W =B [ =5 I k) exp (—ietdadn.  (11)
c

In the alwsence of pales of 8; (x) in the upper part ol the & plane, the initial eonditions
are cleatly safisfied as at ¢ =0 we may close the contowr € from aheve.
Yurthermore, ns A (xr) has (Srratrox, 1940} 2 pole of order I + 1 at & = 0,
we must require thal 1| — 8 {x) have a zoro of at least order ! at « = 0, for the
integral (11 to exist.

We shall now determine (L) explicitly under the assumption that S {«}
is a meromorphic funetion which is regular at e, p.e. that S (&) is o rational fanetijon
uf k. When S;{x) has an essential sinpularity at e, the solutien obtained below
still holids (as can be secn by applicativn of the Faltung theorem to Fowrier intograls)
but instead of a finite s 16 hecomes un o series. I 8 (k) is o rations! fanetion
of &, then € (x} defined by

O (%) = -;—"—Fi’-;(-l =Sdale— ), (12)
= also a rafional function which furthermore, goex to zora when k—> o 15 5 {x)
s regularat = | 1f the pules of Sy (x) daresimaple, € («) can he decomposed in partial
fractions as i wiso indicated in (12), where ¢y = &, &, = — &, and the rest of
the k,'s are poles of 8 (1), The A s are residues of €y at these poles,

As 1 — 8 () must have a zevo of at Jeast ovder £ at x = 0 we see that
£ () &% where 0 € 3 £ 1, ix finjte 2t the orgin, and that therefore:

(=¥ Q) = 30— i)™ tale — xo) ! qEY]
Using (13) and the definition (3) of & (x ), we obtain:
s QG =GN~ @z [(—icr) JexpGnr)
=(=G)" {fz, (= ikary Tdole - x")_'} exper) (D)
With the help of {I4) we can wreite (L1} in the lorm:

bl k0 =iilkr)exp(— i £¢)

T 1.; {AaZ¢ [( — fx,,r)_1] %‘/“-(n{ — kgt expi(x r— ~2!— xzi)d x} {15}

The integral in {15) has heen evaluated before (Mosuisssy, 1951) and for a
4, that is Lelow the contour €, we have:

- (ri)_ll(u — xa)_lr_-.xpi(xr - %xg t)d-a:=expi(xnr - %xit)crfc(y), (15)
where:
erfely) = 2:-"”-/‘ exp( — yg) dy, {174)
y=oxp(—in) (250G = l) . (1ib)

_—1 —
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Defining x; (r, %, by:
. + L
xi(r,x,8) =|ixrht{xr)exp ~ ik i) erfe (y)

=(-)z[(-ix r)'l] expi (x F - % ' !) erfe (y) , 718}
we have that the ¢, (r, k.8 of {15) takes the form:

i (rskrt‘) = j!'(k )‘) crp (_ i B f’)
+ r_IEA,, X (r x, ) . {15}

The wave funetion (19} gives u dynamien] deseription of non-relativistic
seattoving for any angular momentum . PFor ¢ = O, Y {r &, 0) = §1{k ) ax
Xy (s 4, &) vanishes when £ —>0, because |y| —+ = and arg y = — (#f4) w0 that
erfe () — 0 independently of the value of «,. It can be easily scen that
iir ke ) Prlcos 8 satisfies the lime dependent Schrédinger equation for any
r & 0, in case:

AP =00 <p gl (20)

Frenn (13) we realize that (200 holds hecata: 1-— 8, (k) has a zero of at least order
tat x =), The enly further restriction we must impose on (19 is thal al 1 —3» =
it shall take asvmptotic form (35). In section TV we shall see that this imposes
restriciions on the position of the poles of the 8 () funetion. For 1 = 0 the
solidion (19} redures Lo the solution of the Hamillontan equation in Fock space
for muny level seattering (Mosuisssy, 19500,

III. THE DYNAMICAL DESCRIPTION OF RELATIVISTI(' SCATTERING

In this section we shadl analyze the dypamical deseription of seattering
of relativistie spinless particle, and for the sake of «<implicity, we shall resiriet
ourselves to the ease of zoro angular momentum { = 0, The generalization to
arbitriry  angular momentunt is straightforward.

For relativistic suattering the 8, function is no longer a meromorphie
funetion (Wienkr, 1952), of «, but & function 8, (x, ¢) of hoth xand e = (& + 1),
In general, it has therelore branch points at x = + . We shall demand for Sy (x, &
that it satisfies the relations (7} for hoth {(N1x6 au, 1948), positive and negative
values of the energy, ie.:

S (x,6) Sp(x,¢) = 1 (212)
Sol = x,6) Solx,e) = 1 21b)
From (6} we can now construct the relutivistic ¥,(r,k, ) taking into

account that the integration takes place over hoth values of the energy, so that
we have:
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bolr o 0) =-;-P./;w[6_(e CB) 4+ S b e — B exp (=i c0)
b4 [h; (cr) + Sp(x, ) b (x r)]‘ de
_%P[m[ﬁ_(—e—E)+SO(K,—e)5+(-—e——E)]exp(i¢.".)

X (a5 (60 + Sol, — O b (k] de, (22)

where e = 4+ {x* + 1)“, E= (k."’ + I)’s and the hui {kr) are defined as
in {le).

From the definition of the §4, and taking into acrount the expansion

(Dirac, 147 of 8" — 4% and the relution » §{&) = 0, we obtain;
bl — B)=(e4 E) 8, (& — E7) (23u)
bp{ e~ E)=8z(e+ E) = -~ (¢ ~ E) 3. (& -~ EY) {23h)

Substituting (23) in {22) and changing from e to « in the integration, we have:

bl ) = J(J T2 = 5+ 5009 50 (2 - ][+ @]
X exp (— iet) [ha(xr) 4 Myl e) b (xr]]* ki x
+ -;- I’ﬁm[a_(xz‘ Sk 4 Sole, — 08, (¢ — MY ][1 - (B8]

Xexp(iet) Dq_, () + 8, — &) it {x r)]* kel . (24)

The integrands in the two inteprak are funetions of « defins] inoa
plane in which euts are made from £ 1 to £ io slong the imaginary axis, The
iwn intograls in (24} differ now from these that appear for the non-relativistie
problem by the factor 13 [! + (K e)] which is invariant to a change x— — x as
e= (" 4+ 1)*, Furthermore, we have from {21) that h':(- -nye) = plk,6). Using
these Faets, we can now [ollow a procedure very similar to the ene of the previous
seetion, to obtlain for (e, k.0 the form:

Vol(r k,0) = jo(kr)exp(— i K1)

+ (21--;')_'-/{:(;(2 - I\:2)"] [] —- 8, (x,e)] b {« r')-%-[l +(E_fe)](?xp(——id) xd «

+ (2ri)_'[(i{2 — k.g)h}{l - 8plx, — z)]h&h(xr‘)—__‘l’-{l - (B',’e}] explietycd« .
(25}

The firat two terms of (25) correspond to the first integral of (24}, ie.
to positive chergies, and we have introdueed the eontour € of Fig. 1 to avoid
using the principul value {6} of the integral. The last integral in (25) corresponds
to the negative energy integral in (24), and because of the [actor [t —{E/ s)] there
are no poles in the integrand, so thete is no need to use principal values or change
to the contour . Also becanse of the factor [1 — (£/¢)] there is no term of
negative energy to correspond to the first term of (25}
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The integrals in {25} have hranch points 5t « = + ¢,  To eliminate them
we follow a procedurce similar to the one used in the analysis of the phenomenon of
diffraction in the time (Mosmixsky, 1952 ¢). [n the first integral we introduce
the chonge of variahles:

f=xte, (26u)

s0 that

%(r—r‘),m%(ﬁr'). (261)
Fhe limits of integration [-— @, ] for the ¢ transtorm into [0, = ] for the .
F'urthormore, as:

fmx=1m§-;—[l+|§‘|_2]. @7

we soe that the signs of the imaginary parts of « ane ¢ are cqual, so that the coniour
¢ which hypassaes ¢ = £ & from above, transforms into a contowr €7 in the §
plane that bypasses § = 2,27 ", where 2 = & + E, also from ahove,

In the second integral of (25) wa introduce a ¢ corresponeding to negativoe
energies & = x — e It iz clear that with this ¢ the integrand in the second indegrand
beesmues the same funetien of § as in the Hret integrand, Furthermore, for this
¢ the limits of integration become [ — 0

{unﬂnmm: the two integrals in {25 } ad substituting h‘, (xr) hy ity
value (Exv)™! exp (7 ), we obtain:

o (r ke, ) = jo (ko) oxp (- i B1)
A =5 9] 1
(2xi)” f TG ,)u;{ [ (P8 —r (r+f)]}d;, (28)

where 8 (i, ) is now Sy () 2 meromorphic function of ¢, and the contour
goed from — @ Lo = in the ¢ plane, Lypassing 2 Tz =k 4+ K from above.

The integrand of (28) hak an essential singndarity b £ =0, but the integral
eonverges, and as r{ > O it can be shown (Mosurssky, 1952 ) that the cantour
ean be deformml s0 a5 to bypass £ = 0 from above,  The eontour O will now
go from — = o ® bypasing ¢ = 0,27,z from above as shown in fig. 2.

g2

Tn ohtain the explicit form of (28) we shall assumae that the meromorphic
function 8, (f) has ho esentisl singularity at = {ie. it is a rational funetion),
and in case its poles are simple, we can make the expansion:

1— 8 () _ Bg
"C-dG -0 Fr-4,

(29
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where {, =z, {, = £ ' and the other ¢ 5 are the poles of & (i} in the { planc. From
{28) and (29) we sce that ¢y (r, &, 1) takes the form:

o (ro ke, ) jo (kr) exp (— § BO) + r“gﬁsw(r,:,,,c) ) (30)

where the function w (r,;'ﬂ, f) i3 given by

w(r,:ﬂ.e)=~(2%¢)"L(r-r,s)"oxp{f—;—[r(r~t)~r"(r+r)]}d;- @)

When the poles fg are below the contour €7, we ean evaluate (31} following the
procedure outlined in the appendix of Mosminsky (1952 ¢) and we obtain:

w( =0, i t<r, (32n)
ot = o] it -0~ 56+ 0]

- L (i) (), i 1>, (32h)
=1
where:
F=L0+ 010 -] 0= -1, (33)

amd J, () is a Bessel funetion of orler w.

The function r™' w(r,j'ﬂ,e‘) given hy (32) satisfivs the Klein-tiordun
wunation, ax it has been shown (13) that ' g% J, (g) satisfies the equation for
any #, and the exponential in (32) can he writben as exp ¢ (xﬂ Ty ) (where
K. ¢g are given in terms of s by (26h)), w0 that it also satistics the equation.
Furthermore, il has been shown {(Mosiivsky, 19520) that whep { —+ 7 [rom
inside the light cone, !f:t. [w {r, Lo .*)] —— 1 fur any £, =0 that the summation

T f

z Bﬂw(r, rﬂ.r) —» I By, and this lnst summation is zero, ns we can see from (29),
# A

If now oy (0, &k, 1) 35 given by (30}, in which « (rybg.0) i tlefined hy
£32), woe see that not anly corvlition (Ba) is satisfied, bat no seattered wave renches
the observer before u time ¢ = 7 (1he veloeity of light has been taken ax 1), From
the previous paragraph we also see that @ (0, &, would sati<ly the Klein
Coordon equntinn for v = 0, and that it is eontintuous across the light cone, The
only further restriction we nved to Impose on ¢y (v, &, 1) is that when t —» @ it
shall tfened ta (538). TIn the following seetion we shall see that this imprses res-
trictions on the poles of the 8y () funetion.

IV. THE POLES OF THE S FUNCTION

In the previous sections we have given the explicit time-dependent
wave functions for the description of non-relativistic and relativistic scattering,
which satisfied the initial conditions (5a) and the appropriate wave eguations.
The only parameters in these wave functions were poles of the S functions.

We shall now see what restrictions are to be imposed on the poles of
the S function, so that the wave functions (19,30) take the asymptotic form
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{50) when { — ©, Asihe scatfered part of the wave functions is given in terms
of X; {r,«,!) functions in the non-relativistie case, and w {r, ¢, #) funetions in the
relativistic case, we shall investignte their asymptotie behavior when {—- =
as [unction of the complex variables «, ¢,

Frem (18} we have that:
xi (roe, ) = (= Y 2 [ (=i xr) " Joxp 220 op @) erfe (), 3Y

where y Is given in (174). The asymptatie behavior of (34) depends on that of
exp (%) rrfe (y) when iyf — @, 5o that using the results of the appendix 2 of
refevenee 2, we see that for { — ® we obiain:

x 0o Y — dwr byt (k1) exp(— i% P t) il — xfd < arg & £ %I

ir i -
Y {35)

X (ron, ) —» 0 irTsm-g.:g

Outside the firt quadrant in the x-plane x; (r, 6, 1) —> O whent —» @
as fm & < 0 Inside the first quaddrant fmn ¥ > 0and x, — o when { —> .
It i= elear that no physical solution ean he obhtuined when the poles of the 8; (x)
[unetion are inxide the st quadrant, ieo i fmoe, >0, fe kg > 00 Beesose of
the symmetiy of the poles of the 8 (8} fnction with vespert to the imaginurey
axis (Nrvg Hoe, 1948} implied by the conditions (7}, il follows that there can be
no poles of 8 k) on the npper hall of the s-plane outdide of the imaginary axis.
This condition guarantees that (56) v satislil for any » in vase there are no
bound states {i.c. no poles on the positive imaginary axis), as fvom (35) x; vanishes
wlhen §—- o for any poles helow the real axis a4 woll as for k. = — £ The
only term in (193 that survives iz xp (e, &, 8, amd as the eorreponding resiilue is
Ay =i{2ky! [l — &1 i.,)] we sep from (353 and (19 that (¢ &, D takes the
asymptotie form (6b),  When there are honnd states we have « = ¢ | &' aml the
renl exponentinl in A7 (vr} has o pegative sign so it vanishes for Tavge r. The
comlition (50} ix then satisfied for values of # large compared to the eadins x| 7!
of the buound state. The restriction we obtain for the poles of the scattering
function S () for arbitrary angular momeninom, ave then the same (ScRUTZER &
Tiguxo, 1653) ax those obtained by Sehiltzer 2wl Tiomno e no poles in the
upper x plane outside the imaginary axis,

For the relativistie ease discussed in the previous section, we shall carvy
the analysis in the ¢ plane defined by (26a), as Sy («, €) 18 & meremarphic funcetion
Sy () of £, We need now the asymptotic properlies of o (¢, {7, and from the
discnssion given in the appendix of this paper, we see that for { —» = we have:

wl,p,)—0 , i<,

o{r 1) &wxpi[é— E-"r - % G+ t],if lel> 1. @36)

Ag e -%(;-& ;‘")weseethatlme=%1m§‘[l - ii’|_2]- If |¢] > 1 and

Tm? <0, wehave Ime < 0 and for {—» = the « funetion vanishes, When
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ll> 1Y and fmy>0then Im¢> 0, and for £ —» @ we have o (r.t,) — =,
It is clear thercfore, that Sy () can have no poles in the region Im 1> 0, [ ] > 1
above curve € of fig. 3. Furthermore, when { is real, the corresponding « is
real, and because of the unitary condition (21la), 5, () rannot have real poles.
The poles of Sy (f) are then either on the semicirele of radius 1 above the real
axis, or at points below the curve €' exelieling the real axie.  On the semicirele
C=exp iy, with 0 <y < w0 that « =¢ sen v,6 = cos vy, and the poles
correspond to bound states of the system. From (30) we see that w{r,f,0

Frg-3

vonishes when [ —3 « for all poles below € as well as for £ = 27" (hecause
z = [A‘ + (i + l)”] > 1). 1n the absence of houni atates, the only term that
survives is w {r, z,4), and as the corresponiling resides is 3, = ¢(2 eyt [l — .‘s'n(s)],
we see from (36) and (30) that ¢y (#, &, 1) tukes the asymptetic form (5b) for
=10,

The restriction on the position of the poles of S;(t) that we obtain rom
the asymptotie condition (5b), is that there are no poles above the enrve €7 of
Tig. 3, i, in the region where ¢ > Land fm ¢ > 0 0 From (26) we see Lhat:

Fmu = %Img'[l + q';'j'ﬂ;!r:ae =%Imr[1 - !;]“"’], {37)

=0 1hat the forbidden region in the § plane corresponds to pointa in the « and ¢
planes whose imaginary parts are positive.  Inversely, if fme > 0, fme> Qwe
see from (A7) that fan &2 0 and (¢l > 1.

In the particular ease that the relativistic 8y funetion is 5 meromorphic
funetion of x, .. when it doss not depend explicitly on e und therefore has no
Invanch points, the restrictions of the previous paragraph can be extended to say
that 8;(x) can have ne poles in the upper part of the x-plane, exeept for poles
that correspond to hound states for which & = & |« and |&f < 1. This ean Le seen
from the fact that for cach pole Ky in « plane there correaponi two poles
fg =g F (x; + 1% and — {5' in the ¢ plane. It fm Kg = 0 then from (37} we
see that Dotl, the imaginary parts of s il — {;' are positive, and one of them
has absolute magnitude larger than 1, so it wilt be in the forbidden region, The
only exception fto this oceurs when 1&] = 1, i.e. for bound states.

Finally, it can be easily shown that the restrictions on the position of

the poles of the relativistic S functions given in the previous paragraphs, will
also hold for angular momentum larger than zero.
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APPENDIX

In this appendix we shall derive the asymptotie behavior of the function
w(r, ¢, defined by (32), when f — oo, We shall first analyze the asymptotic
behavior of & when (| < 1. Using the well known relation (WRITTAKER &
Warson, 1943)

epig [tGe—0 =" ¢+ D] =g o [@in) - @i)']

= L (g0 L (m+ T (=0 @™, o

(where £,n ave given by (33)), and the definition (32), we can write for
{>r,w(r F, ) in the form:

w680 = I () — B (=1 @00 00 )

When {—» = wo see from (33) that g~ @ amd f—> 1, and J, {9 takes the
asviaptotie form:

1, (7) ~> (% ’”’)_ e [" - % @nu+1) "]' (30)

Substituting in (38) wa see that if ¢, < 1, we ean write:

(1 B 1
—_ E‘ll‘?]) i!r'o.\-(q — —2‘1r)+

I HOZ
s(;m) E [t (o)

n=10

lw (r.e.4)

+ E (- fax[q — % {20 + 1) 'r:l
Nl
The fast series in (H0) converges as 1yl < 1, 50 if g% o, we obtain:
w (r, ) ~—> 0, when |!Tl < Vvuand § — 413

When [ §] > ' we consitler the forn (328) of o (v, £, aml from an
amadysiz similar to the above, we have thal:

I R
< (—m) el 42)
2 a=1

As now | FI > 1, the series converges again, ated we see that:

tim | E (e, {n)
@ n=1

a:(r,i‘,r‘)—-bexpi—;—[g‘ (r—1 -t (r-i—;‘)], when [ ¢l > Land w3 & (43)
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DISCUSSION

MEDINA: | would only ask a question of general principles. In your generalization
to the relativistie case, you take a description of the scattering by means of an S formalism
which is essentially not covariant.

MOSIIINSKY: | consider the scattering of a particle of relativistie energy by a fixed
scatterer, and not the interaction between two particles.

MEDINA: What | want to ask is this: Do you think that you can obtain a reliable
description of scattering by using a mechanism which is essentialy not covariant?

MOSHINSKY: Out; can extend the present analysis to interactions between pairs of
particles, and put the solutions on a eovariant basis. One only needs to replace relative
distance's and times by the space-time coordinates of the two particles, with the help of the
center of mass momentum four vector. The analysis is somewhat similar to what Wataghin
indicated in a previous paper; it is aso given in a doctoral dissertation (Princeton, 1949).

WIUNKK: 1S the theory that you are presenting restricted in any way to definite types
of particles, such as Klein-Gordon, or Dirac particles?

MOSIINSKY: The particle is assumed to be of the Klein-Gordon type. It is possible,
though, to extend the analysis to Dirac particles.

WIGNER: Did you make any assumption about the positive or negative nature of
the energy?

MOSHINSKY: 1 used the single particle picture with both positive and negative energies
available.

WIGNER: Could you say mor." about the result concerning the analytic nature of S?

Momnxsry: The nstriction of the 8 Tunetions i that there wee no poles in that segion
of the eomplex e where For > 0w 1213 1. The £ is defitud by the squations & = (z - 22172,
£oa e 427102, Henew we obtain that i the forbidden region oth fmk >0, JmE >0,

Wiaser: You imply that there can be oo poles for positive energy, Docs this mean
thal there ixon fundamental differenee beiween relativistie pnd non-relativistio 1theories? [
(e non-relutivistie eese there ean be poles in e apper hall plane on (e imaginaey axis,

Aowmmrnaky! The imaginary axis of the & plane would eorrespond to |20 1 el it would
fall ot the Lowndory of the forbidden region.  Poles on the imaginuey axis of 1he E-plaae are
therefore allowed,”

Trosxo: You mule the wewmplion that the 8 funetion would depemd on & b oot
an the energy, iut do you menn that 8 (k) = 8{— &) ?

Maosmiwaky: No, (he 8 function i not the same for b oand —& What T meant i that
B{f) in u meromorphie funetion of % and has no hraneh points.  This implick (hat. iU okl not
depend explivitly on the energy # = (K 4 1)%,

ANDERSON: Could you say something about the following question. For the description
of what kind of experiments does your theory offer some advantage ?

MOSHINSKY: The theory developed does not concern any specific experimental case.
What it tries to do is to find a time dependent wave function, that can be associated with the
scattering function of any given problem. As the usual experiments deal with stationary states
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the present theory does not concern them. |f we could determine the transient scattered current
when a scattcrer is suddenly introduced in the beam, then we would have an experimental
situation that my theory would deal with. The width of the diffraction in time effect is of the
order of 10°® sec. for thermal neutrons.

ANDERSON: These days we measure times of the order of 107'° ssc. So such things
are a practical possibility in experiments.

MOSHINSKY: 1f times up to the order of 10"'° sec. can be measured, the diffraction in
time effect could, in principle, be analyzed.

SMITH: YOU can't move a shutter very far in 10" sec.

RABI: Yes, you certainly can move the shutter in the time 10°® sec. sufficiently far
to produce an effect.

SMITH: YOU can form your neutron pulses by means of charged particles ?

MOSHINSKY: It is quite possible that neutron pulses formed by the incidence of charged
particle pulses, will show a diffraction in time effect similar to the one discussed here.

In reply to a question by ANDERSON, MOSHINSKY said that it is possible to obtain from
the transient wave function the transient scattered current. In the non-rclativistic case this
transient scattered current has peaks at the times ¢ = ¥{Fn where ¥ is the distance of observer
from scattcrer, and the velocity Vn corresponds to the energy E, of the nth resonance level.
The width of this transient peaks is of the order of & {¥a when; T, is the width of the energy
level. In the most favorable esse for neutrons, the width would be of the order of 1072 s,
and therefore difficult to observe.

In case the transient scattered current could be detected ,it could provide a useful
tool in the determination of nuclear structure.

The transient phenomena associated with the scattering of two protons could aso
be described by the present theory.

MEDINA: In connection with those effects found by Moshinsky, | think that you don't
have to shut neutrons, because probably Moshinsky's effects can be observed in cross section
and those transients probably could have some effects, for instance, in avery fast nuclear reactor,
and that would be a way of checking Moshinsky's theory.

MOSHINSKY: If in any physical phenomenon transient cross sections are needed, then
the present theory could provide a useful tool in the determination of these transient effects.



Recent Work at the Universty of Illinois with Gamma
Rays and Electrons of 22 Mev to 320 Mev

D, W. KERST

Physics Department, University of lllinois, Urbanu, IIl., U.SA.

It isaprivilege to be here to discuss directly with you some of the recent
experiments with high energy X-rays and electrons which we are doing at Illinois.
| am glad to have the opportunity to visit your laboratories and to see the
instruments with which you are pursuing similar researches. Some of you have
seen the X - ray equipment of the University of Illinois; but | believe there have
been numerous changes since the last visit, so | will briefly describe the facilities
before proceeding to discuss the experiments.

Our laboratory, which was being built in 1940 and 1947, has proved to be a
very important aid to the successful pursuit of research. It brought together
under one roof numerous people interested in the experimental work and allowed
a rapid exchange of ideas
and an ease of operation
completely impossible in
the older surroundings in
which some of you saw
our instruments. The first
illustration (fig. 1) shows
you the new Physics
Research Laboratory
building which houses our
betatrons. In the large
space at one end of the
building the 320 Mev
betatron was erected. This
instrument began operation
in February of 1950.

At the other end Fig. 1. New Betatron Lahoratory.
of the building are two
betatrons — oneis a 22 Mev betatron which has been rebuilt a couple of times
and which is very similar to the instrument which you use at Sao Paulo. In the
room next to the 22 Mev betatron is an 80 Mev betatron which was built as a
model for the 320 Mev betatron. By that | mean it is an exact scale model which
actually operates; but because the scaling laws reduce the current carrying
capacity of the coils, it is not possible to run this machine more than one pulse
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every three seconds. However, it is a good instrument for cloud chamber
experiments and it has also been used where sources of high energy electron are
needed because it is possible to use the electrons which scatter out of the
instrument. In our
laboratory building are
numerous other facilities
such as nuclear emulsion
microscopes and the dark
| rooms for handling nuclear
| emulsions. There are
beta-ray spectrographs.
There is an electronic shop,
a machine shop, and a glass
shop, a library, seminar
facilities, and a limited
¢ amount of office space.
‘| Our stock rooms and
supplies are such that we
Fig. 2, 2% Mev Bemt‘ﬂ_}n with FxternalEleetron Beam can operate efficiently and
Experiment, . .
quickly. Thelaboratory is
organized with acertain amount of convenience similar to that which one has in
industrial research laboratories and in the larger federal laboratories which have
grown up during and since the war. That is, a physicist docs not have to occupy
himself with procurement
of supplies, with personnel
problems of the shop and
service people and with g
NUMEerous maintenance g
problems connected with i
the several instruments |
and of the building. The
work we do is not
programmatic  but has
with it the academic liberty
of the individual research B
worker who docs the®
experiments he pleases, in #
the way he pleases, and ..
who must be a socia
creature merely when he Fig. 3. 80 Mev Working Modd of the 300 Mev Betatron,
employs betatrons or
equipment in common with other people. We seem to be perfectly capable
of scheduling ourselves in the various botatrons.

The second illustration (fig. 2) shows the 22 Mev betatron which is very
similar to the Sao Paulo instrument. In this picture you se apparatus for
removing the electron beam to the distance of approximately 10 feet from the
Betatron where it enters the scattering chamber, or a chamber for experiments
with the electron beam. There is a magnetic focussing lens which pinches the beam




GAMMA RAYS AND ELECTRONS OF 22 MEV TO 320 MEV 301

down to a small spot and there are magnetic deflection coails for locating the beam
at the proper point inside the experimental apparatus.

The next illustration (fig. 3) shows a view of the 80 Mev betatron.
It has approximately the same size as the 22 Mev betatron, but because of
unidirectional pulsing and flux biasing the instrument is capable of going to much
higher energies. A cloud
chamber is dso shown
in the room with this
instrument.

The 320 Mev
machine with a liquid
deuterium target in its
X-ray beam isshown in the
next illustration (fig. 4).
This instrument gives six
pulses of X-rays per second
and the energy is easily
controllable from a low
energy up to 340 Mev.
Some of the characteristics
of this instrument will
be described in another

. " Vig. 4. 340 Mev Botatron with liguid byirogen
discussion at the conference. target in plaes.

I. EXPERIMENTAL WORK WITH THE 22 MEV BETATRON

There are several experiments at approximately 20 Mev which httvo not
vet appeared in print. One of these is a recent measurement of the energy
loss of electrons passing

through condensed matter.

% e ThEont., DISTRIBUTION IN ENERGY OF Thi g K ied

CORRECTICN. ELECTRONS EMERGING FROM IS work was carrie

POLYST'I'DR%N:OS?;MPLE , out by Dr. Hanson, Dr.

ool sngsgo T Goldwasser, and Mr. Mills.

a0 The electron beam was
EXFERMENTAL

used for measurements of
LANDAY THEQRY WITH H
FERMI EXTREME RELATIVISTIC electron scattering and

ﬂ OENSITY CORRECTION electron nuclear scattering
o HGIDENT: a year ago, but the recent

experiment was a test of the
energy loss of electrons
o 140 Mz M4 46 MB 80 2 154 Be ma passing through condensed
ENERGY [MEV] material. As you know,

Fig. 5 the polarization effect

on condensed material

decreases the energy loss and it was hoped to test this effect. Actually further
measurements are under way this summer by Goldwasser with a sample of
condensed material and a sample of the identical material in a gaseous form to
determine the polarization effect on energy loss more accurately. The electron

RELATIVE NUMBER OF ELECTRONS
&
[=]
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beam passed through thin foils of polystyrene, aluminum or gold and the energy
spectrum of the outgoing electrons was analyzed by a magnet. The first slide
(fig. 5) shows the experimental result for carbon plus hydrogen -— that is the
polystyrene foil. The incident beam has an energy shown at the right side
of the picture and the experimental curve is shown at the left side. LANDAU'S
theory accounting for the straggling of electron energy loss in material is seen
displaced from the experimental curve, but when the density correction is
applied to the LANDAN curve, the agreement with experiment is extremely good.

The next figures
MSTRIBUTION IN ENERGY OF ELECTRONS

EMERGING FROM ALUMINUM SAMPLE (figs. 6 & 7), show the
0=0.8588 qm/emt same resultsfor an

S.763.53 kev aluminum and a beryllium
foil. Again the LANDAU
EXPERIMENTAL straggling theory plus

=3
o

LANDAU THE DR’
90l wiru wo
DENSITY

IRECT!
e} CORRECTION

BU the FERMY  polarization
50 LANDSY  THEORY . .

a WITH FERMI EXTREME correction gives excellent
30 Roartians DEMSITY agreement with experiment.
20 INGIDENT—] However, the case of gold
v} BE &M

h (fig. 8) does not result in
2@ 140 182 44 WE 14§ B0 BZ B4 BB BB agreement. Here the 157
ENERGY (MEVI Mev electron beam suffers
Fig. & agreat amount of radiation

straggling in addition to
ionization loss. The radiation straggling distorts the? shape of LANDAU'S curve
quite a bit, but the correction has been made by YANG and KENNEDY, of the
Institute for Advanced Study, to take account of the radiation loss including
K and L excitation of gold atoms during the passage of the electrons. The* shape
of the curve determined by YANG and KENNEDY agrees with experimental curve
but the density correction
is not sufficient to bring

RELATIVE NUMBER OF ELEc"rnoNs[g‘y_ég]
(]
[+]

DISTRIBUTION IN ENERGY OF ELECTRONS
EMERGING FROM BERYLLIUM SAMPLE

[4e)

we examined the angular
distribution of theintensity
of photoneutrons for lead,
iron, beryllium, and heavy

|38 40 HWZ B4 WG WB #0 BEZ B4 B6 B
ENERSY MEV)

about agreement with g:g;‘;?'g&’“"'
experiment at present. The g oot
reason for this is unknown. g :ﬂo‘ eyl
. Some tlme_ o W ora EXPERIMENTAL

Price and | madestudiesof ™ gal  anpau THeomy
the yield of photoneutrons & 501 Faeo e
from 51 elements ;g Pl -
bombarded by X-rays. Asa 2 gl onmecrion Y
preliminary to this study, w 9}

E o

=4

&

Fig. 7

water. We observed the expected angular asymetry from deuterium and from
beryllium, but iron and lead gave isotropic emission of photo neutrons.
Apparently we accidentally chose the wrong heavy elements because many
other elements do show angular asymetries, and this has been the subject of
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recent work by G. A. PRICE. Of numerous detectors which Price used for the
determination of the angular distribution of neutrons of different energies, there
are two which give quite interesting results. One is §% which undergoes an(NT)
reaction giving 22.4 minute Al The threshold for this reaction is 2.69 Mev
neutron energy. This silicon detector is most sensitive to neutrons of more than
55 Mev. Theresult isthat with this threshold detector PRICE was able to measure
the high energy component of neutrons emitted in the photo-disintegration process.
Most of these emitted neutrons have an energy of about 1 Mev. These are the
neutrons that are boiled out of a nucleus, but the silicon detects only the high
energy group. Fig. 9 shows the angular distribution of fast photo-neutrons from
bismuth samples put in the X-ray beam and from copper and beryllium samples
put in the x-ray beam. It isevident that the bismuth shows a very strong angular
asymetry.

Experimentswith an aluminum detector gave greater accuracy. Aluminum
has athreshold of 1.95 Mev and A’ gives Mg® which has a 10.2 minute half-life.
Angular distributionsresulting from experiments with this threshold detector are
shown in the next illustration. It is evident that bismuth, lead, and gold all
show strong angular asymetries while the lighter elements show much less
asymetry. The effect is large in the case of bismuth at 18 Mev as well at
22 Mev.

The next illustrations (figs. 10 & 11) show how the angular asymetry
varies as the function of atomic number. According to WEISSKOPF and EWING,
the neutronswhich boil out of anucleushave an energy distributionwhich containsa
relatively larger proportion of high energy neutrons in the ease of thelight elements
than in the case of heavy elements. Therefore, these high energy directional
photoneutrons are masked by high energy isotropically emitted neutrons evaporated
from the light elements. PRICE used other detectors which catch all the neutrons
and degrade their energies so they can be detected in rhodium foils and he also made
experiments with an epithermal detector which has some interesting properties.

I'l. EXPERIMENTS WITH THE 80 MEV BETATRON

An experiment which had partial description in the literature was
performed by CURTIS with the 80 Mev betatron for the determination of
the absolute cross-section
for Bremsstrahlung
production by electrons
b4 R and for the determination
an EE%E#T&EH EXPERIMEN TAL gfrent‘l;erahTuar?e Of the
INCIDENT BE kM—] g SpeCtrum-
CURTIS used a 00 Mev
AMG-HENNEDY beam of electrons from
Jreoty WTH FERM the 80 Mev machine.
AELATISTI These electrons come out
£onRECTION of the machine naturally
A M0 4E WA WE B, 130 m2 a4 152 s Dy scattering of thetarget.

ENERGY MIEV) They travel once around
Tig. & the betatron and emerge

MSTRIEUTION N ENERGY OF ELEGTRONS
EMERGING FROM $SOLO SAMPLE

)

RELATIVE NUMBER OF ELECTRONS
&8
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from one of the ports. The intensity was sufficient so that CURTIS could put
a cloud chamber in this beam and observe radiation straggling of the electrons
as they passed through thin foils of lead. By counting the number of transits
and the number of radiation stragglings the absolute cross-section could be
easily determined. Normally thisis avery difficult physical measurement, but it
comes out simply with this experiment. The illustration (fig. 12) shows the cross
section as a function of energy, that is the spectral shape, which CURTIS
obtained. This spectral shape shows agreement with theory but it has a
magnitude which was about 7% less than the theoretical production. | will
have more to say about this anomalously low cross-section after mentioning a few
more experiments.

HIl. 300 MEV BETATRON

An experiment similar to Curtis's has been carried out by MR. FISHER
on the 320 Mev betatron. However, Mu. FISHER did not use electrons scattered
out of the betatron, but rather he converted the X -ray beam into beams of electrons
and positrons. Electron-positron pairs were made by a small lead radiator placed
in a magnetic field, and exposed to X-rays.
Out of this magnetic field emerged electrons
toward one side of the room and positrons
| toward the other side of the room. The
I energy of the pair member was determined
by the position in the room where one placed
the cloud chamber. By reversing the
polarity of the magnet positrons or electrons
could be directed to the cloud chamber.
[ In the cloud chamber FISHER had thin foils
of gold. Radiation straggling of electrons
occurred in these foils. Itisvery easy to
detect radiation straggling particularly if
a high energy photon has been emitted
because the curvature of the track changes
. very abruptly crossing the foil.  Briefly one
e ud say that FISHER, who is now analyzing
== . v w3 his cloud chamber data, found that the
o W oeor Wt wOT W Y hositron Bremsstrahlung spectrum has

Fig, 9 exactly the same shape as the electron
Bremsstrahl ungspectrum; however,

FISHER'S determination is not yet complete and we do not know if the
cross-section is anomalously low a CURTIS found.

Another experiment with the 320 Mev betatron which is about to be
published is the determination of the relative cross-section of various elements for
pair production in the photon energy range between 50 and 300 Mev's. This
experiment was carried out by EMIGH. He used a cloud chamber and foils of
two different atomic numbers were placed in the same photon beam. They were
spaced so that the photons first went through one foil and subsequently through
the other foil behind it in the cloud chamber. The relative pair production from

/m:l.!-rg

RELATVE N!U‘%ﬂm IHTE!HI'I;

—
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the two foils could be precisely determined. Assuming auminum has the correct
pair production cross-section, EMIGH found for silver and for lead anomalously
lower cross-sections for pair production. The illustration (fig. 13), shows EMIGH'S
result together with the result of several other observers demonstrating the
discrepancy between the theory which appears in HEITLER'S book Quantum
Theory of Radiation and the experiment. All experiments uniformly agree on
thediscrepancy. However, EMIGH'S experiment was on pure pair production. The
other experiments have all been on absorption which includes COMPTON
absorption as well as pair production, and they require the corrections for the
COMPTON effect. The by-products of EMIGH'S experiment was the energy sharing
distribution between the pair members. The next illustration (fig. 14) shows
how this appears for aluminum, silver and gold. The solid curves are theoretical.
The COMPTON event, namely electrons when unaccompanied by positrons, all
appear at one end of this spectrum and must be subtracted off. The assumption
is made that the number of unmated positions is equal to the number of unmated
electrons at the other end of the diagram. Hence, the excess must be COMPTON'S.
If this assumption is followed through, the result is shown in the next
illustration (fig. .15), namely, the spectrum
of COMPTON electrons. The COMPTON
electron spectrum shown in thisillustration
agrees very closely with theory.

| would like to return to the
discrepancy mentioned earlier between
the bremsstrah lung cross-section and theory
and the discrepancy between pair production
cross-section and theory. These two
differences are of the same nature since the
calculations are very similar for each of
the processes. The discrepancies usually
attributed to the BORN approximation not
holding for heavy elements. Certainly heavy
elements are outside the range of validity
of the BORN approximation, and it is -
surprising that the BORN approximation [ * «—— — pra—
has given results so close to the experimental S W @eTURE o
result. One might think that it isonly when
a very low energy electron or a very low
energy positron leaves the vicinity of the
target nucleusin the case of pair production or when avery high energy photon and
a very low energy electron leave the target nucleus in the case of Bremsstrahlung
that the BORN approximation would fail. However, the cross-section as you have
seen from the Bremsstrahlung curve is depressed throughout the whole upper end
of the spectrum. Consequently, it is not wholly an effect present when one of
the out-going charged particles has an extremely low velocity which is usually
one of the troublesome limits for the BORN approximation. Likewise, the low
pair production section means that even when high energy pair members are created
the cross-section must be anomalously low to have a gross effect on the absorption

WE NC&TNN IWTENSITY / HOLE-r 5
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coefficients. It has taken a few years to get the theoretical work for this done
satisfactorily and recently MAXMON, DAVIES and BETHE have been able to
correct the BORN approximation and to account for the low experimental pair and
Bremsstrahlung cross-sections observed in these experiments. Their result is
now inpress.

Some of the findings of the radio chemists, PROF. DUFFIELD, DR.
HSIAO, and MR. GINDLER have brought to light new activities. Vanadium 53
has been produced. It has a 21 hour

- half-life and emits a negative electron
of .65Mev. One d* theinteresting things
oy }S'ﬁg} the radio chemists have been exploring
{m’ is multiple particle emission from high
.8 energy photon bombardment. They
feel quite certain now that in numerous
Pl nuclear events one or severa apha
gl {M particles are emitted. One can be
a sure of this because the threshold for
al +c“ {“ photodisintegration involving alpha
particle emission is generaly lower
2} o threshold for photodisintegration
%“ ’ involving all the sepaate particles

ok omitted.
L {“" With the high energy available
-2 . . - in the 300 Mev. betatron it has been
bl 26 40  BOD @O0 10U pogghle to extend some of the photo

ATGMIG NUMBER .. .

Fig. 11, BIA for Yield = A 4+ 8 sin® (} as o fissons SUdle.S to heavy dements such
we function of uiumi; ke, as gold and bismuth. J would like to

describe a system used by DUFFIELD
and GINDLER for these experiments. They have observed photo fission on both
bismuth and gold by use of a photomultiplier tube with a zinc sulphide screen
on it placed out of the X-ray beam. A

thin foil of the element to undergo photo § EXPERIMENT CORRECTED
fission is placed in the beam and the © EXPERIMENT UNGORREGTED
fission fragments cross the vacuum to the 5@ — THEORETICAL
zinc sulphide screen. The zinc sulphide %
screen being very thin does not respond ¥
brilliantly to electrons but gives a large g
flash for fission fragments. These =~ &
experiments are now being extended in .3_ -1
the 320 Mev betatron. g_q \
A continually interesting- &
problem is the photodisintegration of the gzr
deuteron. Work has been done by FULLER
and HANSON using nuclear emulsions with
the 22 Mev betatron, and HANSON and £

;] T
: : FRACTIONAL mrwomenevbf
others are extending this work to 320 .

Mev. There are indications, asyou know, Fig. 12
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from some counter experiments that the cross section for photodisintegration of
the deuteron rises as one exceeds the meson threshold with the photon energy.
However, there is great need of better statistics and better detailed information
which we hope will result from exposures which HANSON has just been making
at the University of Illinois a couple of weeks ago.

The illustration of the 320 Mev betatron shown earlier contained the
liquid deuterium target placed in the beam. Around the liquid deuterium at
various angles are placed the nuclear emulsions. The energies of the photo protons
produced in the nuclear disintegrations are determined by grain count, We
have achieved a rather clean collimation of the X-ray beam and since the betatron
has only six open portals from which radiation can issue it was merely necessary
to plug up three of these portholes on the side of the machine where the detection
apparatus is placed to suppress the room background to a point where the electrons
can not bother the emulsions, since electron sensitive emulsions have been used.

An auxiliary experiment which
is being carried out by KOESTER,
PENFOLD, SMITH and KEUST is one
which requires the highest intensity we .| acaweos s wes
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can get from the betatron because we o woaun 1108 Wen

detect the neutrons emitted from the || & sseatimsne .

photodisintegration of deuterium. This | ::::::.'."...:S::.:::.”;?::»..-. . I

experiment is being run on the 300 Mev L0
L]

betatron right now. The emitted neutrons
pass through a thick lead shield and |
produce recoil protonsin along paraffin
converter. These protons then go through
a proton telescope which selects an  |[*f
energy greater than about 60 Mev. |

While we find it difficult to obtain a lot * .t
of data with this type of apparatus |"f8 % vew "% & & v w v
becasse of the low counting rate, it fed® ~+  MTEE

should give an integral sort of a

picture including the smearing effect
of a Bremsstrahlung spectrum. The Fig. 13

prediction of the results was given by

LEVINGER some time ago in the Physical Review. We have exercised this
equipment with carbon targets a few months ago before we had liquid deuterium.
The results were described at the Washington meeting of the American Physical
Society and | have here an illustration (fig. 16) showing the apparatus with
the thick walled lead house which can be moved around to different angles
and the proton telescope within the thick walled lead house. The angular
distribution which resulted from carbon is shown onthe next illustration (fig. 17).
The peak at 45° is very definite and the counting rate falls off at smaller angles.
LEVINGER made predictions on the angular distribution which would result from a
continuous X -ray spectrum directed at carbon and our experimental result differs
from these predictions made by LEVINGER. It appears that the angular
distribution of the protons and the neutrons from carbon bombarded by 320 Mve
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X-rays is about the same. While the existence of pscudo-deuterons within the
carbon nucleus would, according to LEVINGER, give neutrons emitted preferentially
at alarger angle than the protons. Since very high energy neutrons of the order of
100 Mev are emitted, they must be accompanied by protons of a similar energy.
There is a pseudo-deuteron unit within the carbon nucleus. At high photon
energies disintegrating pseudo-deuterons the charged particles go in the direction
of the photon and the neutral particle would go slightly backward. If the angular
distributions of proton and neutron are identical one istempted to imagine a rapid
exchange of charge and identity between the particles within the nucleus.

An interesting experiment has been carried out by BERNAKDINI, REITZ
and SEGRE on the fission of bismuth as afunction of photon energy. Bismuth
loaded Type D Ilford Plates were exposed directly on the photon beam at 100 Mev,
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150, 200, 250, 290, and 320 Mev. Then the plates were carefully processed so
that the bismuth fissions were evident and electron backgrounds were small.
About 1000 bismuth fissions were produced per plate and the emulsions were
exposed to a photon flux sufficient to make 2000 R in an ionization chamber such
as the Victoreen X-ray meter placed behind 1/8" of lead. The emulsions were
quite clear and free of electron background but the fissions were easy to observe.
The relative yields of fissions normalized to the same number of R at various
energies were 1, 4, 10, 14, 20, and 28 at each of the above energies. The total
number of 500 fissions have so far been recorded on the plate. Estimates of the
cross-section from the data so far indicate a rapid rise occurring at the meson
threshold, and the suggestion is that mesons are produced and reabsorbed within
the bismuth nucleus leading to fission. Apparently about 50% of the meson
production is reabsorbed resulting in fission.
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Bismuth is an especially suitable element for this experiment because the
threshold for photofission of bismuth is rather high. It is something like 50 Mev
and since photon absorption generally is most strong around 15 Mev the usual
photo-absorption would not provide sufficiently great cross-section at 50 Mev
region to lead to a lot of photofission of bismuth by the usual process.
Consequently, most of these processes are due to meson effects. Four times 10"
sg. centimeters is the cross-section of the photofission of bismuth per equivalent
photon at 320 Mev, and particle emission from carbon does not show the high
energy mesonic effect — it seems to occur mainly with low energy photons.

Another experiment for which BERNARDINI and GOLDWASSER have made
exposures is the angular distribution and yield of positive pi mesons near the
threshold for their production on a liquid hydrogen target similar to the target
that HANSON used for liquid deuterium. The deuterium was exchanged for
hydrogen and the meson measurements were made.

o0y
LU T,
b [T A
-
At AR TENT -
AR T =
- = 5% e
L)

farta TaL

AL W IR, R L,

] ATE LTI = W
‘ AR T - I

s

WaSEN oF ComAME yuictiow
$

0L Pl TEP A CWLELLITEN & T e
;NI ELAETAE = 14
AmematEh SOBTaeE = 4T

ANCREY i N

Fig. 15

Another experiment which has been going on for some time is that ol
BERNARDINI, REITZ, and SEGRE on the passible production of V particles by
photons on aluminum. The choice of aluminum was made from considerations
of photon absorption and a number of nucleons in the nucleus. | will sketch on
the blackboard the experimental arrangement for observing the possible V particles
which might be emitted from the aluminum. The datato date show that for every
meson produced in the aluminum there are not morethan 2 times 10  V particles.
There are only two doubtful cases. One looks like a real V particle except
that the origin of the V is so close to the glass that it may be merely an inelastic
scattering of the negative pi meson coming from the glass. The outgoing proton
has 30 Mev's and the outgoing meson has 4 Mev's, which is just about the correct
energy for the V particle disintegration.
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Another one of the several counting experiments which are going on
using the 320 Mev betatron is the experiment of DR. ROBINSON and MR. LEISS.
Their problem is to determine the production of positive pi mesons from hydrogen
at various angles and at various photon energies. There are several methods
which they have been exploring. One of these is to make use of the very narrow
burst of X-rays from the betatron. It is possible to make the beam about .0 of a
microsecond long and subsequently to detect the positrons from the mu decay
resulting from pi decay. There arc some difficulties with this method because
although the X-ray background may be practically gone there are capture gamma-
rays from neutrons which are travelling around in the room long after the X-ray
burst has produced them. The counting equipment that ROBINSON and LEISS
have been using has been
undergoing  development
for a couple of years and
with it numerous tests on
electrons and positron
backgrounds have been
madeandfocusing
magnets have been tested
for collecting mesons.
Counters wused by

SCHEMATIC PLAN
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time of this device so that fission fragments can be counted easily. More will be
said in another lecture of this conference about some of the pulse length problems
which are important in the use of counting techniquesfor the detection of nuclear
events with our 300 Mev betatron and our 22 Mev betatron. In al the
measurements that have been made with the 300 Mev betatron or with the
22 Mev betatron calorimetric determinations of the photon energy flux have
been the basis of the photon flux determinations. The calorimetric method
was first used with our 300 Mev betatron since the output was rather large.
We have something like 50 to 100 X 10 equivalent photons per minute in our
whole X-ray beam. The final determinations have been made by P. D.
EDWARDS, lie used a lead cylinder 8 centimeters long and a little more than
4 centimeters in diameter. The betatron was run from 15 Mev to 300 Mev.
The temperature rise on the block which occured on a 5 - minute run was
measured by thermistors and bridge circuit. The corrections for leakage of energy
from the lead block are a total of 10%. These corrections were determined by
a second calibrated monitor which detected the magnitude of the leakage. A
similar determination was made with the 22 Mev betatron by DR. LAUGHLIN at
the University of IllinoisMedical School in Chicago. Hisdetermination has been
published, although he is refining it, and will have a determination at lower
energies and with more accuracy. For use for the 300 Mev betatron we have a
flat ionization chamber through which the whole collimated beam can pass. The
reading on this ionization chamber in esu per centimeter of air path is the measure
of the photon flux in ergs and is a function of the peak of Bremsstrahlung
spectrum energy.

DISCUSSION

ANDERSON:  What was the result of the measurement which gave the numhor of y
rays coming from the large, Betraton? How many do you get?

KKUST: 3 watts. This is about 100 X 10° equivalent photons per minute in the whole
beam.

ANDERSON: If | caught correctly the numbers on the dides which you showed
concerning the energy loss of electrons passing through foils, the loss was about 1 Mev per gm per
cm? | don't know whether that is correct but, anyway, that is lower than the minimum
ionization loss for which one gets normally 17 Mev. per gm per cm? in alumminium.

KERST: For water it is around 2,1 though for things that were heavy like lead it
was down a little.

ANDERSON: Anyway, there is no reason to believe the experiment shows a bad anomaly
in the ionization loss.

KKRST: The only thing that seems to be puzzling is the case of gold where the correction
that you apply for polarization is not enough. 1 notice when looking at the slides that when
we apply the polarization correction a theoretical line moves all the way to an experimental
line here but in the case of gold it moves only a little way. | think the gold foil of Hanson and
Goldwasser must have had a much thinner foil.

ANDERSON: Is then; some reason which could be explained in a simple way about
the 10% correction that Bethe found? And what was the physical basis for the correction?
Why was the previous theory off?

KERST: The explanations | have heard usually had to do with statements like this:
If a pair is formed near its positively charged nucleus the positrons are repelled away and the
electron whips around close to the nucleus and this existence of a slow negative electron close
to the nucleus for a long time makes more interaction and henee in real experience the cross
section is large but one ignores the effect when one makes the calculations. This is one of these
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arguments which works only at the end of the pair energy sharing distribution because it would
take a slow electron coming out to experience such a distortion at the orbit of the nucleus and
I showed the sharing curve just to demonstrate that the whole cross section is suppressed and
it is not just the ends that are chopped off.

ANDERSON: I would like to ask a question which refers to the experiment on the V'
particles. How in the experiment does one eliminate the possibility that the neutron makes
the collision with one of the protons of the emulsion producing recoil-proton and a meson that
looks like a V. This is always the crucial point in such experiments.

KERST: Yes, that is right, and Bernardini has looked into this.

ANDERSON: And he is one of those who criticize everybody else on just this point.

KERST: Bernardini has estimated how bad this would be in this particular case and
he says it is a negligible effect.

ANDERSON: But in the case which is considered doubtful, but nevertheless is shown,
there is no way of indicating that a neutron is not involved,

KERST: The disturbing thing about this one case is that it looks so genuine, the proton
and the meson have about the right energy and the meson makes a star just as the negative
ir would.

ANDERSON: Wouldn't it be hard to find a neutron that would do the same thing?

KERST: I think it would, except, Mr. Bernardini would say that the probability of
that is less than 2 X 107,

L. MARSHALL: Can you say a little more about the possible interpretation of the
break in Bernardini's fission cross section above the threshold for pion production?

KERST: Bernardini found the cross section for fission at 320 Mev is about 4 X 10~""cm’.
and he feels that about 50% there arc just about as many mesons that would be produced by
these photons in bismuth as there are fissions resulting. Consequently, he is obliged to say
that if you get hold of a bismuth nucleus by way of mesons and shake it, half of the time
a meson comes out and half time a meson is reabsorbed and makes fission. He would like to
say the cross section is composed of two components, namely something which comes up like
this with E” for m charged production, and a component which goes up more rapidly for m,
production, something like E°. He would like to be able to determine whether or not this
is really virtual mesons effect.

A. BERMAN: I noted that the Curtis' experimental Bremsstrahlung cross section
was 7% below the theory; that was the old theory I imagine?

KERST: Yes, that's right.

A. BERMAN: HOW does the new Bremsstrahlung theory compare with the experimental
cross section?

KERST: The 10% that Bet he estimated for lead at 50 to 300 Mev. is a figure which
applies also to the Bremsstrahlung cross section as well as the pair production cross section.

A. BERMAN: The Curtis value of 7% is then very close to this 10%,?

KERST: Yes, I don't believe one can get any more out of Curtis, experiment than to
say that it appears that the cross section is lower than the 1935 calculations by 7% plus or minus
3 or 4%,. It's no more accurate than that.

A. BERMAN: In connection with that theory of Maximon, Davies and Bethe, I believe
it was calculated on the assumption that the energy of the photon is still much greater than
the rest-energy of the electron despite the fact that the theory does improve on the
Born approximation. At 20 Mev they do get for lead a correction of 20%, instead of 10%; as
you pointed out but the experiment still shows a correction of about 10%, and this might bo
due to the fact that at 20 Mev the new theory does fail.

KERST: Yes, Bethe was not at all sure about his calculations below 20 Mev and
apparently even at 20 it does not agree with the experiment. Your work lands right in among
the others, as I understand it.

A. BERMAN: Yes. The correction seems to be about 10% for the entire high energy
region including 20 Mev.

KERST: There were some data shown at about 13 Mev and the only high energy work
was some total absorption work done at Cornell and also the relative pair cross section function
Z between 50 and 300 Mev, done at Illinois.
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encray gBOTH EadintbeN ENEReqIBS 7 breadic 718530), iy Bhofe that thedigh
photonuelear reactions in several substances.

Severel known activities, which could be obtained by a (8,2n) reaction
were observed and a number of new radionctive isotopes were diseovered (Zn."s,
Ga™, B, Mo (17 min) Ag", In (10 min.) SEP T (60 min)). The nucleur
isomerism in Br® was clearly demonstrated and for some radioactive bodies of
known half-lives and chemical properties, mass numbers could be assigned.

Little however, can be concluded from experiments with gamma-rays of
agiven energy since it was not known how the cress-section for the processes
investigated depend on the gamma ray energy; the cross-sections for photonuclear
reactions cannot be sorted out by means of such experiments since it was shown
by DELSASSO, FOWLER & LAURITSEN (1937) that the ,Be® gamma radiation is a
mixture of 17.5 and 145 Mev gamma-rays.

Photonuclear reactions were also produced by Bothe and Gentner in
several substances by means of the gamma radiation emitted in the reaction
B Gy GO 0
these experiments the
gamma radiation was
shown to consist of amain
line at 118 Mev and of a
second line of about 17
the intensity at 100 Mev
(FOWLER, GAERTNER &
LAURITSEN, 1938).

As generators of
monochromatic gamma
rayswithavariableenergy
are not available at present
time, the behaviour of a
photonuclear process as a
function of the gammaray energy can be studied only with the continuous Brems-
strahlung radiation obtained when electrons, accelerated either by a Betatron or
by a Synchrotron, strike a target.
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Excitation functions for a given reaction can be measured if the yield of
one of the products of the disintegration (such as protons, neutrons etc. or induced
activities) is determined experimentally as a function of the electron beam energy
and as a function of the X-ray energy flux. The cross-sections, as a function of
the energy, can be computed if the absolute yield and the shape of the
Bremsstrahlung energy spectrum are known; thresholds can be measured
accurately since it is known that for most reactions it is found that the
excitation function can be represented by a parabola in an energy interval of a
few Mev around the threshold.

The precise measurements of photonuclear yields are subject to various
experimental difficulties; some of these difficulties will be discussed in this paper.

In order that the energy spectrum in the forward direction may be
calculated with accuracy, it is necessary that the electron beam (responsible for
the emission of the Bremsstrahlung radiation) be a monokinetic one before it
strikes the target.

Although the data on Synchrotrons are rather scarce, (here are several
measurements that show that the spread in energy of a Betatron electron beam
issmall: the external electron beam of the University of Illinois Betatron (22
Mev) hasahalf width of about \5 Kev, whereas at the University of Saskatchewan
the beam is homogeneous within 30 Kcv, allowing the measurements of excitation
levels of severa light nuclei.

If a monokinetic electron beam of electrons strikes a target, it will give
rise to a well defined energy spectrum of the Bremsstrahlung radiation provided
that the following conditions are fulfilled:

a) the target must be thin, or otherwise multiple radiative processes
may take place; on the other hand, a thick target gives rise to a large ionization
energy loss which spreads the energy distribution of the original electron beam.

b) the thin target must be positioned in the radially decreasing magnetic
field in such a position that a scattered electron, which has suffered a high energy
loss by ionization or radiation, will not =
be captured again by the field and
made to strike the target.

By means of asuitable location
of the target and by providing a fast i
expansion pulse, it is possible to avoid
multiple traversals of the target.

As those conditions are not
usually fulfilled by the standard target
utilized inBetatrons, and sinceitisusual
toemploy awire asasynchrotron target,
one should not expect the shape of the
Bremsstrahlung spectrum to be known
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accurately enough, in these machines, T e T
for a computation of cross-sections. Fig. 2

The targets most commonly
used are thick and since, due to the finite cross-section of the electron beam and to
the shape of the standard targets used, the beam traverses regions of different
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thicknesses, one should expect the measured excitation functions to be dependent
both on the particular target employed and on the geometrical arrangement used
(GOLDEMBERG, SANTOS & SILVA, 1951); experiments carried out in our laboratory
have shown that this is the case (GOLDEMBERG, SANTOS & SILVA, 1953) and that
special precautions must be taken if one wants to measure excitation fun ctions
precisely enough to caleulatcthe corresponding cross-sections.

It is well known that the angular distribution of the Bremsstrahlung
radiation emitted by a parallel beam of fast electrons in a moderately thick target
is much broader than the intrinsic half-width for asingle collision (which is of the
order of mc%/E) since the beam is spread out by multiple scattering.

SCHIFF (1940) has calculated the angular distribution of the X radiation
under the hypothesis that the target is thin enough so that excessive straggling
of the electrons does not take place. Assuming that the electrons undergo a single
traversal of the target (of thickness x) and assuming the multiple scattering as
described by Williams' formula, the ratio of the intensity at an angle 6
(somewhat larger than mc¥E) to the intensity in the forward direction is given by

- Hi (2:”) (1

(281 EPm?ed) — 0.5772

The representative curves of this function, for three different target thicknesses
are illustrated in fig. |; the experimental points, obtained with the radiation
from a standard Betatron target at 20 Mev are represented in the same figure.
It can be observed that the actual distribution does not obey eqg. (1); it was shown
(GOLDEMBERG, SAXTOS & SILVA, 1951) that the behaviour of the experimental
curve is due to the finite cross-section of the electron beam which, during the
expansion process, traverses different thicknesses of the target (as it is known that
the above equation gives a reasonable approximation of the actual distribution
as measured with a target of a uniform thickness.)

A confirmation of the fact that the spectral composition of the radiation
is dependent on the particular target employed in the experiments (GOLDEMBERG,
SANTOS & SILVA, 1953) was
obtained by a comparison
" . of the excitation functions
i obtained for the Cu ' (y,n)

Cu®? reaction with a
standard target and with
a gold target 0,1 radiation
length thick (of uniform
thickness) under the same
geometrical condition
(fig. 2). The observed
shape of the excitation
- e e - am wm e functions differ because
the high energy tail of the
Bremsstrahlung spectrum
is sensitive to the target thickness, a thick target giving rise to a richer
yield of soft radiation.

Fig. 3
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The geometric arrangement plays also an important part in the shape
of the measured excitation functions, as one should expect from the considerations
briefly outlined above on the angular distribution of the Bremsstrahlung radiation.
In fig. 3 are illustrated some excitation functions obtained in our laboratory
(GOLDEMBERG, SANTOS & SILVA (1951) for the €'t™ (y,n) Cu® radiation, for three
different geometrical arrangements about the forward direction.

The geometric arrangements used correspond to: a) the arrangement
used by JOHNS e al. (1950); b) our own standard arrangement with copper
plates subtending an angle of 15 minutes about the forward direction and c)
a bad geometry arrangement for which the subtended angle by the copper plates
is of 5°.

One can observe that as the angle subtended by the target decresses,
the saturated specific activities increase for a given energy, the rate of increase
depending on the electron beam energy.

The effects illustrated by those measurements are not due only to the
decrease of the radiation intensity with the angle (as one should expect from the
angular distribution), but they are adso due to the angular dependence of the
spectral composition of the radiation; such an effect was observed in our
laboratory (GOLDEMBERG, SANTOS & SILVA, 1951) both for the standard and for a
gold target of uniform thickness. Those
experiments have shown that therel ative
amount of soft radiation present in the
spectrum [which, in this case should
be interpreted as the radiation lying
below the ™ (y,n) threshold J, increases
with the angle about the forward
direction, (fig. 4)

JOHNS et a (1950) have
investigated the influence of the
calculated cross-section shapes upon
the spectra composition of the
Bremsstrahlung radiation; they have
shown that in the cae of the Cu®
(v, %) Cu™ reaction, if one asumes a
distribution (£ — K,y with zero R N A B
photons at the maximum energy, ENERGY  Ma¥
the maximum of the "resonance" is Fig. 4
displaced by about | Mev towards
low energies, as compared with the values computed under a Schiff's distribution,
whereas the peak cross-section changes by a factor smaller than two, the former
distribution giving rise to ahigher value of the cross-section at the resonance peak.

It seems, therefore, that the actual knowledge on photonuclear reactions
indicates only the general features of the cross-sections and that a rigorous
comparison with the proposed theories (GOLDHABER & TELLER, 1948; LEVINGER
& BETHE, 1950) for the photonuclear reactions seems very difficult to be made
with the existing experimental data.
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DISCUSSION

ANDERSON: Referring to the hist point, would it not he possible that the reason that
you get a higher response to the thick target is that the monitor which you use to messure; the
energy fluxes has higher response for the thick target than that of the detector which you use?

SANTOS: We have; used the same monitor for both the standard and the gold target;
we have made something like 15 different runs on each cross section so we know the response;
with a precision which is better than 1% for both targets. As far as the standard target is
concerned up to energies of the order of 22 Mev our excitation functions in the forward direction
hit all the data that have been published so far.

ANDERSON: The point is that the sensitivity of the monitor might be energy dependent,
it might depend on the shape of the spectrum and since here you are inve)lved in a difference;
in the energy spectrum, one lias to know quite; well how the; monitor response varies with that
spectrum as compared to the eietector response.

SANTOS: The same monitor was used i n both cases, and if the spectra were the same
we should expect the same response, The speetrum is different and we think that this has
to 0o with soft energy rays because the response of the; Vietoreen insele an infinite lucite block-
looks like this:
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This is the energy flux required to procedure one roentgem at those energies, therefore
one s=es that one roentgen at a low energy corresponds to a much smaller energy flux than at
higher energies. Now up in this excitation function we have activity divideel by roentgen and
one has a smaller ratio for the stanelarel target than can be inferpreteel as due to a richer soft
component in the spectrum.

KERST: There is one experiment that I can mention which checks the calculated
sensitivity of aionization chamber. As has been pointed out by Prof. Santos one has to calculate
from the kind of photons what the total ionization will be in the ionization chamber. Laughlin
has maele a calorimetric calibration of an ionization chamber and we know that Almy and
Diven's calculation of the response of an ionization chamber gives 4,800 ergs per R per cm*
agreeing within 10% with calorimetric check.



318 M. D. S. SANTOS

SANTOS: | might add aso that this difference in behavior was observed in our laboratory
using two different elements, which had a different photo-neutron threshold, and measuring
the ratio for both the standard and the gold target and it turns out that this ratio depends
on the target and actually it increases in favor of the element that has a higher threshold: this
means that the standard target gives more soft radiation than the gold target. This is a
measurement which is quite independent of the ionization.

KERST: | wonder if you think it is worth while to try experiments with thinner targets?
It seems to me that a tenth in radiation might still be rather large. A tenth of aradiation length
means essentially that the electron looses about a tenth of its energy by radiation going through
it, s0 the loss in your 20 Mev. beam will be of the order of 2 Mev. So on the average you just
have very few double radiation events.

SANTOS: We did not want to use a much thinner target because then we might have
multiple transversals and that would complicate the spectrum still more.
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I. INTRODUCION

In this paper a report is presented of some measurements of the angular
distribution of the Bremsstrahlung radiation emitted by a Betatron at small
angles about the direction of the incident electron beam.

Although the way in which the electron beam hit the target during the
expansion process is very complicated, and a detailed comparison with the theory
is difficult due to the change of the spectral composition with the angle
(GOLDEMBERG ET AT,, 1953) a few interesting results were obtained which throw
some light on the nature of the phenomena involved.

Measurements of the angular distribution emitted by Betatrons and
Synchrotrons have been reported by other workers (ALLEN-WILLIAMS &
ARPLEYARD, 191% & b; LEES & METCALFE, 195, LAWSON, 195, LAXZL
& HANSON, 1951) in the same energy range that our experiments were carried out.

Aside from the intrinsic interest of those measurements the knowledge of
the angular distribution is of paramount importance for activation experiments
made with a Betatron: those measurements are made in the forward direction
where the energy spectrum of the radiation is assumed to obey Shift's spectral
distribution (SCHIFF, 1946 & 1951; KATZ & CAMERON, 1951); the knowledge
of the angular distribution has been used by several investigators to evaluate
the effective target thickness from the decrease of the total intensity as measured
at asmall angle about the direction of the incident electron beam (SCHIFF, 1946;
KOCH & CARTER, 1950).

As the excitation functions for photonuclear processes usually measured
with the Bremsstrahlung radiation originated in an internal target of a conven-
tional shape, and since the spectral composition of this radiation is assumed to
obey Schiff's formula for a thin target radiation, it is interesting to compare the
angular distribution of the radiation emitted by the internal target of a Betatron
with that produced by an external electron beam. In this way it is possible to
check whether multiple traversals of the target do occur and, therefore, to decide
whether Schiff's formula gives a good approximation for the energy distribution
from a conventional target. We think that this point is an important one if one
wants to attach any meaning at all to cross section calculations.
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I'l. EXPERIMENTAL ARRANGEMENT

As asource of electrons, use was made of the Betatron of the Universidade
de Seo Paulo; the measurements reported in this paper were carried out with
the radiation originated inside the donut as the electron beam was allowed to
hit a target (placed on the injector structure, at a radius of 21,8 cm from the
center of the orbit), by means of an expanding circuit.

The experiments were carried out with

a) A conventional platinum target
b) A gold target, 0.1 radiation length thick
¢) The injector structure used as a target

As the Betatron was provided with a device by means of which the
expansion current could be changed at will, no difficulty was found in adjusting
the machine so that the electron beam would hit the targets used.

X-ray pinhole pictures were taken in order to assure that the radiation
originated from a single point source.

The measurements of the angular distribution were realized by two
different experimental set-ups. As the intensity changes rapidly with the angle
about the direction of the incoming electron beam, it is of importance that the
detectors subtend an angle as small as possible; otherwise the measured intensity
will represent an average value. In our experiments the reaction £u™ {y, n) (7™
was used as a detector; the angle subtended by the detectors was of 15

It is important to realize that, under the above conditions, the angular
distribution measured refers only to a given band of the Bremsstrahlung spectrum,
viz. between the threshold for the reaction which was assumed 10.9 Mev (BALDWIN
& KOCH, 1945; MCELHINNEY ET AL., 1919), and the maximum energy available

. from the electron beam.

S In the first experimental
arrangement used in our experiments
4 aluciteblock which held in its center
(:;-..___ 1 both the copper plate and a 100 li
thimble ionization chamber was
s placed at various angles about the
e forward direction; this arrangement

WG o] was used in our measurements of
the angular distribution with the
conventional target (fig. 1).

Fig. | — Experimental arrsngement (1)

In the second arrangment (fig. 2) copper plates of the same thickness
and size were submitted to a single irradiation; those plates were placed inside a
lucite holder; paraffin and cadmium foils were used in order to eliminate the con-
tribution to the measured activity due to the neutron background of the machine.

This arrangement was afterwards used in all our experiments since by-
its use relative activities could be measured accurately and small errors from the
ionization measurements were eliminated.
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It is noteworthy that, as the spectral composition of the
Bremsstrahlung radiation changes with the angle about the forward direction
(GOLDEMBERG ET AL., 1953), the measurements made with the conventional
arrangement  are  meaningless
until a precise knowledge of the
spectral energy dependence with
angleisavailable.

This objection applies,
of course, to measurements of
angular distribution where
ionization chambers or
photografic films are employed;
In these cases, it isvery difficult
to know what the experiments

really mean. Fig. 2 — Experimental arrangement (1)

in. EXPERIMENTS WITH THE CONVENTIONAL TARGET

A pumped donut provided with a conventional platinum t target was
used in our betatron, operated at energies of 16,24 ,18,47 and 20,4 Mev; the
angular distributions were measured with the experimental arrangement described
asa 8§ 2bothinthevertical and in the horizontal planes.

The angular distributions in the horizontal plane are represented in
fig. 3, where Schiff's theoretical curves for different target thicknesses are plotted
(SCHIFF, 1940).

A comparison between our results and Schiff's theoretical curves show
if the conventional target behaves as correct, that the radiation emitted by the
conventional target behaves as a radiation coming from targets whose thicknesses
are afunction of the angle about the forward direction.

It can be verified that the obtained results are inconsistent with the
hypothesis that this variable thickness might be due to the penetration of the
electrons at different depths of the target, due to multiple scattering, before they
radiate. Indeed, due to the peculiar shape of the conventional target, one would
expect, by assuming this hypothesis, a marked asymetry in the distribution about
the direction of the incoming electron beam; as we have observed a rigorous
symetric distribution, the multiple scattering cannot be responsible for the observed
phenomena.

An explanation of the observed distribution might be found in the
oscillations about the equilibrium orbit that the electron beam is submitted to
during the fast rise of the expansion pulse: radial oscillations do occur and when
the beam strikes the target it behaves as though it had alarger average cross-section
than the true cross-section at the equilibrium orbit; this cross-section depends,
of course, on the target radius but is well known that oscillation phenomena do
occur during the expansion at the normal radius of the target of conventional
betatrons.

As the conventional target has a curvature radius of about 2 mm in the
horizontal plane, those oscillations, which are responsible for an effective increase

—21 —
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of the Brenisstrahlung cross-section, may be responsible for the phenomena
observed. Itisimportant to point out that this behaviour is to be expected even
when the expanding circuit is adjusted for an outward spiraling of the orbit with
a pitch small as compared to its assumed cross-section.

It is known, on the
other hand, that a small
pitch of the expanding orbit
may give rise to multiple
traversal sof the target
(LAWSON, 1950) in this
condition, although a point
source radiation is secured,
the Brenisstrahlung spectrum
is enriched by soft and
medium energy quanta
and any measurement of
activities for cross-section
computation loses its
meaning, unless the spectrum is measured under the experimental conditions.

Therefore, it ssems advisable to use as fast an expansion as possible,
although this would give rise to a Brenisstrahlung spectrum (from a conventional
target) due to a superposition effect of targets of different thicknesses.

This inconvenience may be ruled out by substituting the conventional
target by a target of uniform thickness.

The analysis of the experimental points plotted in fig. 3 show also that a
knowledge of the angular distributioi isnot asufficient criterion for the determination
of the effective target thickness unless the target is of a uniform thickness
and sufficiently thin (to avoid multiple radiation) and unless the expanding device
is such that multiple traversals do not occur in an appreciable amount; the
effective target thickness, as measured by this method, is a function of the angle
and the estimated values may be wrong by a factor of about 3 for an angle of 5°.

-

Fig. 3

IV. EXPERIMENTS WITH A GOLD TARGET

In order to check the contribution of the gamma rays originating from
the injector structure, an angular distribution was taken without a flag (fig. 4).
It is seen that, as the half-width for the experimental points is smaller than that
corresponding to the standard target, the effective thickness of the injector struc-
ture (Mb) is smaller than that of the conventional target.

In order to get a beam originated in a target of uniform thickness, a
gold target, 0,1 radiation length was mounted on the injector; the target was
highly polished and had sharp edges were highly polished too. A specia care was
taken in mounting the target on the injector so that its plane was at 90° with
the orbit; this care was necessary in order that during the spiralling out of the
electron beam, the electrons would have to go through a definite thickness of
the target (0,1 X).

This target was a large flag, 5 mm high and 6 mm outside the injector
structure; its height was of course larger than necessary, but it was chosen in
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order to clear, by Bremsstrahlung, any electrons that might have alarge amplitude
of vertical oscillation so as to avoid their hitting the injector structure.

This thickness of the target was

considered as a good compromise between a -

low energy loss by ionization and a fairly -

high probability for radiation; aso the " vy

probability for multiple radiation is small  *sow Wt s e

(see appendix) and the "gain" approaches —*¥*ee ™ @vmemm Cal

its saturating value (LAWSON 1950). L
Theyieldsobtained with thistarget Lo

were greater than those obtained with a o

conventional target; besides, asits thickness .

was uniform, it was observed that, at a -

given energy, the number of high energy 50

guanta per roentgen as defined, in our

experiments, by those having an energy [,

above the threshold for Cu® (y, n) Cu® was

larger than those produced by the conven- ' "

tional target. ta
KOCH & CARTER (1950) have — T T T

measured the energy distribution of
Bremsstrahlung by determining in a cloud
chamber, the energies of positron-electron pairs obtained from 195 electrons
produced in a platinum target 0,005 inch thick; their experimental results were
compared with the theoretically predicted spectrum in the forward direction, for
a thin target, by Schiff, using the Bethc-Heitler theory. In the energy range
between 13 and 20 Mev, the theoretical intensity was found to be smaller by 8%
than the observed value.

Fig. 4

In the computation of photo-nuclear cross-section by the photon difference
method (KATZ & CAMERON, 1951), Schiff's distribution of energy is employed in
order to calculate the number of photons, in different energy intervals,
corresponding to a given maximum energy (that is, the electron energy); the
constant C is chosen as 191, instead of the proposed value C = 111 for athin target,
as being a good compromise between the thin target and the total spectrum.

It seems, for the reasons already discussed, that a gold target such as
was used in our experiments, is a better approximation than the conventional
target.

Experimental angular distribution with the gold target.

As we have pointed out, one of the important consequences of an analysis
of the angular distribution of the Bremsstrahlung radiation omitted by theinternal
target of abetatron is that one can compare the experimental results with the data
obtained by LANZL & HANSON (1951) who have measured, for targets of various
substances and thicknesses, the angular distribution of the Bremsstrahlung
radiation obtained by means of an external beam of monokinetic electrons.

By this comparison one can get information on whether multiple passages
do occur during the expansion process, and one can decide then whether experiments
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on activation and cross-section measurements have a physical meaning when the
method of calculation assumed isthat of KATZ & CAMERON, (1951).

In order to check this point and
to decide on the questions already discussed
in our measurements with the standard
' target, measurements were made with a
le gold target 0,1 radiation length thick, using
the same arrangement of the previous
experiment (fig. 5).

1000 Maw
* IMu{CTOR JIRITURE AE TARGLT

Measurements were made at ener-
gies of 16,93 Mev and 20,7 Mev, in order
I, m  to compare with the data of LANZL &
HANSON (1951) and with our own as
obtained with the standard target.

The results of our measurements
are represented in fig. 6 where the results
of LANZL & HANSON are represented as
* well as the theoretical curves from their
lw equation 0.

One can observe that for gold
thicknesses of the order that we have

Fig. 5 employed, there is no agreement between

the experimental points and the theoretical

curve obtained by these authors; one can observe as well that tor angles of

about 6-8° our points (597 mg/cm?) coincide with theirs as obtained with 247

mg/cm?, whereas for smaller angles their points are closer to their theoretical

curve and quite apart from our own; this behavior is due to the fact that the

relative amount at soft radiation increases with the angle and copper is a high
energy detector.

The disagreement between their results and the theory, as well as the
behaviour of our points and theirs, when compared with each other, might be
explained on the basis of their use of an ion chamber to measure the intensity
of the radiation.

An ionisation chamber is very sensitive to the quality of the radiation
that hitsit: roughly speaking, the energy flux — ergscm® — required to produce
one "roentgen”, as measured in an air cavity in a lucite block increases almost
linearly with the maximum energy in the energy from 2 up to 20 Mev; it is,
therefore, more sensitive for soft than to hard radiation.

We have shown (GOLDEMBERG et al., 1953) that the spectral composition
of the Bremsstrahlung radiation changes with the angle about the forward
direction and that this change in composition is due to the enrichment of the soft
component of the spectrum at the expense of the hard rays.

We think, therefore, that, if a detector sensitive to hard radiation were
used, a better agreement with the theory would be found.

On the other hand, the present theories should be modified in order to
take into account the angular change of the spectral composition.

 HTMMEAD TARGET
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If there were multiple passages in the internal target of our betatron,
one should expect that our points should lie close to the theoretical points at small
angles and quite wide at large angles, since =
inthe theory of the angular distribution, the

spectrum of energy is supposed to remain i
unchanged. . e

One can observe from the “. T bt
behaviour of the curves of fig. 6 that just - ‘\. __.'.:.u
the opposite behaviour is found; although '\ .T..'.ﬂ..::mmw

it is rather unfortunate that the experi-
mental points measured with our method
cannot be compared with either an
experimental measurement based on the use o
of an ion chamber, or with a theory that e
does not take into account the variation -
of the spectral composition with the

angle, one can conclude that multiple

passages are not likely to take place in , “-\‘_
our betatron. el
One can infer aso that the observed T i ;mgm;] i T e #

points do not lie on a curve of the family
described by LANZL & HANSON'S equation
6; it was dso calculated that Lawson's distribution does not fit our data

Fig. 6
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Factors Influencing Capture of Electrons Injected into
a Betraton

D. W. KERST

Physics Department, University of Illinois, Urbana, Ill., U.SA.

In addition to discussing factors influencing capture of electrons injected
into a betatron, | should like to take this opportunity to discuss numerous other
matters pertaining to the characteristics of betatrons and the lore which goes
with the performance of the betatron. In addition | would like to describe some
of the features of the new 340 Mev betatron which has been in operation since
February of 1950 at the University of Illinois. The illustrations (figs. 1, 2, & 3)
show that it is composed of a ring of six magnets placed around the central leg
of a large transformer. Since the 80 Mev model was an exact scale model of this
instrument, the material published in the Review of Scientific Instruments, Vol.
21. pages 402-180, 1950 describes accurately the structure, the scale factor used
to enlarge the instrument to the size of the 340 Mev betatron is 4.03 for linear
dimensions. This makes the large machine weigh something like 350 tons.
The field magnets alone which look very much like a synchrotron weigh about
65 tons, Gathering the radially directed laminations together in six bundles
give six crotches from which radiation can be taken, and through which the vacuum
can be pumped, and the injector installed and etc. The machine itself is shielded
largely by the 1/4 inch iron laminations in the field magnet, however, we do
add a little concrete and lead in the crotches facing the detecting apparatus to
cut down electron spray of X-rays which do not come out along the axis of the
main beam.

Some important characteristics of a machine like this are its yield of
X-rays, its maximum energy and how easily it is adjusted, its duty cycle, that is,
what fraction of the time is the X-ray pulse on, and how reliable and free from
maintenance is the instrument. These data for our 300 Mev machine are that
the output is about 3 watts of Bremsstrahlung at 320 Mev in the whole beam.
The energy density at the center of the X-ray beam is about 0.13 watts per square
centimeter at one meter's distance from the target. This amounts to about
10,000 r per minute at a meter when the r are measured in a Victoreen thimble
placed behind an eighth inch sheet of lead. Since we have only six pulses per
second the energy in each burst is large—for example, in every pulse there are
about 10-20 r at one meter. The machine can be rather easily run down and
up in energy as all betatrons can by adjusting the time at which the beam isremoved
from the betatron. The most energetic runs we have made with it are at 343
Mev. An important feature is the pulse length or the duty cycle. Our natural
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pulse length is only about 50 microseconds and since we only get 6 pulses every
second we have only 300 microseconds of radiation every second. This is the
duty cycle of about 1 in one thousand. This is not very favorable, but it is
possible to count several nuclear events in 50 microsecond intervals provided
with this instrument. Some counting experiments were rather easy to do with
this duty cycle and even with full intensity from the machine. However, if one
has an experiment in which he is sensitive to electron background and for which
he cannot employ a great deal of shielding then it is very desirable to stretch
the pulse out long in time so that electron pile up will not occur in the sensitive
time of the detector. For certain purposes it is not desirable to lengthen the
pulse because this would destroy the energy resolution of the instrument. The
synchrotrons have a nice way of stretching their pulse mainly by slumping the
plate voltage of the R F oscillator so that the particles undergoing phase oscillation
successively come into the target. In our case since we have an outside target
this means that we would have to expand the orbit very gently so that it gradually
is shaved off against
the target.

FLuK It has been
MAGNET possible with the 22 Mev
betatron to lengthen the
—— duration of the X-ray
pulse from about 0.2 of a
microsecond up to 75
microseconds merely by
very slow orbit expansion.
This is an important
technique for the 20 Mev
betatron because it allows

FIELD MAGNETS

o

. Z counting of charged
K-RAY BEAM particlesduring the X -ray
Fig. 1. 340 Mev Detraton pulse very nicely. The

duty cycle with the 22
Mev isthen 1.3%. The same trick has been tried with the 300 Mev betatron
with some success. It has been easy to lengthen the pulse out to 300
microseconds, and we are attempting to lengthen it still more. The technique
being tried to lengthen it still moreis to shape the expansion pulse so that the beam
very gradually moves out toward the target. To make this simpler the beam is
scrambled, so to speak, in the following way: A weak radio frequency bump is put
on the magnetic field by small coils outside of the vacuum tube underneath and
above the orbit. While the orbit is expanding in radius toward the target, it
passes the point where n equals 3/4. At this point the radial oscillation executes
half full oscillation for every revolution of the electron. If the R F magnetic field
has a frequency equal of half the rotational frequency of the electron then some
electrons will pass over the radiofrequency bump when the amplitude of the
radiofrequency bump is zero. These electrons will travel undisturbed in a circle.
However, the electrons which pass over the magnetic bump when its strength is
at maximum will be shaken in a resonance manner and the amplitude of
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oscillation of some electrons in the beam is thus built up. The effect of thisis
to make a wider beam and to make it easer to move a few electrons at a time
out to the target. All properties of this pulse lengthener are not yet tried.

Generally speaking our betatron is trouble free. We had practically
no vacuum trouble and our injectors last about five months on the average. There
is however a great deal of maintenance to an instrument this large, and a great
deal of routine inspection must be carried on regularly. From time to time we
have irritating but not fundamental troubles.

| should like now to go on to some of the things we have learned and
that other people have learned about the process of injection and the capture
of electrons in a stable orbit. For an electron to be captured, it must not return
and strike the injector which it has left. The shift of the equilibrium orbit away
from the injector is of the order of A4~ A = AE/E where Ad is the change in
radio position and A is the displacement of the electron from the equilibrium
circle. AE is the voltage gained per revolution once around the betatron and
E is the voltage at which the particle was injected. On machines of the 22 Mev
size one gains about 150 volts per revolution and one injection at 60,000 volts.
Consequently 44,4 is about 1/400, that is, if A is the centimeter to the
equilibrium orbit then AA, the shift of the electron per revolution, is only
1/400th of a centimeter. This small shift could not possibly be enough to account
for the successful capture of electrons by a betatron although it is true that the
crisis does not occur on the first revolution. Theoretically on the order of 10
revolutions are made
before the electron strikes
the injector structure.
Even so, the displacement
is not sufficient to explain
the operation that has
been observed with
existing betatrons.

The answer to
this puzzle which has
existed since the operation
of the first betatron is
that electrons are shot
into existing machines in
numbers sufficiently large
to have very important
space charge and space Fig, 2 The “0" Alagoets of the 300 AMeyv Detaton,
current  effects.  These
effects are so great as to dominate the transient behavior of injected electrons
and the damping or orbit shifting which | just mentioned previously is one or two
orders of magnitude less than the effects which can be produced by space charge
and space current. There are severa ways in which these currents act. The
electron beam, once it is shot into the betatron, circulates around the machine
and acts as a resistive loss on the betatron. This decreases the flux within the
orbit and as successive electrons arc poured into the orbit the first electrons which
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were shot in find their radii of circulation decreased by the order of a millimeter
or two depending on how far out near the point where n equals 1 they were when
they left the injector. In the 22 Mev betatron one injects from one-half to 3
amperes and one can collect something like five spirals of electron stream before
the acceptance time is over.  This current is large enough to produce serious space
charge effect and a contraction effect of the order of magnitude that | mentioned.
We know that something like 0.2 to 0.3 of these electrons remain in the machine
so many of the initial electrons are lost subsequently. It turns out that some of
the electrons circulate as many as a hundred times and more before they are lost
to the walls or injector of our 22 Mev betatron. Consequently, one does not
have a crisis for the order of one hundred revolutions and the ordinary damping
first mentioned without regard to space charge effect can take a hold and help
shift the orbit away from the injector.

In instruments with different tube properties such a large circulating
current may not be achieved. Consequently it is more difficult to get electrons
started in machines of smaller proportions and it is aso of much greater help
to put artificial orbit contraction or to put transient bumps on the magnetic
field somewhere to shift the electron beam away from the injector after it has
been.injected. The transient effects are not very important on the 22 Mev betatron
like that used at Sao Paulo and at the University of Illinois. There is another
effect that occurs while the circulating beam is being dissipated to the wall soon
after injection. While the gece? charge is being lost to the wall, the electrons
last injected observe that the potential valley in which they are executing radial
oscillations is becoming deeper and hence the amplitude of their oscillation
decreases.  This effect for the circulating current of a size used in the 22 Mev
betatron is large enough to shift the orbit over approximately 2 milimeters if
n is three-fourths. However, if tin? injector is a little beyond where n equals
1, the shift can be many more milimeters. These several effects do not calculate
to give a large absolute displacement if one uses n equals 3/4 but in practice one
finds that betatrons work better with the injector out near where n equas 1,
and at such a radius all these transient space charge effects produce an orbit
shift far larger than the shift when one calculates for n equals 3/4. One can go
on and elaborate numerous effects. There is an expansion effect on the electrons
which are last injected while the circulating beam dies down to a lower level by
loss to the wall, but the point | want to emphasize is that these are large effects
compared to a single particle ideal orbit. The combinations of these effects
of space currents and space charges are complicated and it is not always clear
which effect is important in which machine. However, some things have been
observed to be true for the 22 Mev betatron. | would like to warn that different
instruments behave in different ways. For example, some instruments seem
to accept electrons successfully only on the back side of the injection voltage
pulse, that is, while the current that is being injected is being shut off. This
is definitely not the case with either our 80 Mev or our 300 Mev machine. In
these casss it is best to shape the injection voltage wave so that it fits the demanded
voltage and pours electrons into the orbit or a longer time on the rising side of
the voltage pulse. A sufficient reason for some other instrument to behave
oppositely would be the existence of a fairly high resistance tube coating. In
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which case the very presence of a beam striking the wall of a tube makes an
electrostatic bump due to the Hi drop of the current returning to the wall of
thetube. Thiselectrostatic bump can be large in size and can deflect the electrons;
therefore, it may be necessary to cut the electron beam off suddenly so that this
bump does not persist. Our tubes do not have such a high resistance. We
are very careful to keep our resistance of the order of 20 ohms to ground so that
we are dealing with no spurious potentials and our only perturbations are then
magnetic bumps and space charges and space currents of the electron stream itself.
It is known that small potentials of the order of 200 volts between the injector
and the coating on the tube produce serious changes in the beam intensity.
Such an electrostatic bump in the tube may easily create a 60 kilovolt potencial
if a beam of one ampere strikes a tube coating having 200 ohms to ground.
Another interesting possibility was suggested by HARDEN in England.
He pointed out that an electron stream injected from the gun is most intense
on the side of the betatron
in front of the injector.
The existence of a high
current changes the value
of n and hence one has a
different value of n on
one side of the machine
than he has on the other
side of the machine. Also
when the bean is cut off
or strikes the wall the
alternation in n disappears
largely. The effect of a
different value of n on one
side than on the other is
an effect exploited by
JONES, REAGAN and Fig. 3 Voeunm tobe for 300 Mev Bietatron with
LAWSON on a synchrotron Profeasor Adams,
in which n equas 1/4
or with n equals3/4 one could get vertical or radial transient focusing in avery
rapid way. The easy way to understand the effect is to imagine that in front of the
injector one has the diverging lens where n is higher whereas behind the injector
one has a converging lens and n is lower than the average n. The result is that
straying electrons are brought into less and less amplitude of oscillation as long
as they pass through this sequence of diverging and converging lenses. To have
this effect operate properly the average value of n must be very near to three-
fourths for radial oscillations or one-fourth for axial oscillation. If the lenses
are not turned off quickly enough the amplitude of oscillation will grow again
after having decreased. A very undesirable property of this type of successve
lenses is that a bundle of rays leaving the injector increases in divergence instead
of gathering together. Consequently, one can only use guns for this which have
a well focussed beam to begin with, because this system of lenses is incapable
of collecting much spray from the injector. |t isperfectly possible that BARDEN'S
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effect works in some particular instance; however, if the value of n is not fairly
close to the correct value, the system will not work. All of these space charges
or space current effects may act to differing extent. | think there are so many
big effects that have boon suggested that there are numerous combinations of
them which may actually work in the natural situation.

| should like to add some remarks about the importance of having
the internal wall of an acceleration tube adequately coated with a semi-conducting
layer. As is pointed out a high resistance to ground will give electrostatic
potentials which can seriously disturb the path of electrons. It is worse to have
bare spots of extremely high resistance because these spots can assume the
injection potential. Early in the days of porcelain donuts, it was difficult to coat
them completely and the observation was made that a small area of about 2
sguare centimeters of bare porcelain destroyed the yield of a betatron completely
for 15 minutes after which the charge leaked off and it was again possible to get
aburst of radiation for a short time. There have been frequent comments about
how bare spots are not serious inside of acceleration tubes. This comment needs
explanation. Synchrotron acceleration gaps are sometimes bare when exposed
to an electron beam. If they become uniformly charged, they form an electrostatic
lens which has a focusing property and which would be satisfactory if it
would be steady and stable. People who have operated synchrotrons point
out that they have numerous magnetic corrective coils on their machines. It
is perfectly possible with these corrective* coils to compensate for electrostatic
bumps caused where there are spots on the wall. In fact, we have at Illinois
some very conclusive evidence on this matter. In 1950 our instrument worked
successfully with no magnetic correcting bumps at any point. Subsequently
we tried currents in correction coils to sse what would happen. At first there
was no improvement in theyield. However, asayear or two went by we suddenly
realized that magnetic bumps were absolutely essential. In fact, under the old
conditions without bumps the yield was only 2% of the yield which we had soon
after we turned the machine on in 1950. Naturally the suspicion was there were
bare spots on the tube and that we were compensating for electrostatic potentials
by adding magnetic field bumps. The tube was opened for the first time and
examined and the bare spots were discovered. When the bare spots were covered
with a conducting coat, the yield came up to full value without any magnetic
bumps and these magnetic bumps or correction coil did no good and if anything
did harm, which is the proper way for an instrument to behave if its magnetic
field is smooth. | think this resolves in my mind the rather mysterious statement
about how magnetic bumps improve the operation of an instrument which is
supposed to already have a smooth magnetic field. Thereason is that the magnetic
field may be smooth, but the presence of electrostatic bumps requires the addition
of magnetic bumps for compensation. Spurious bumps are generally large when
the main magnetic field is small because they are caused by eddy currents which
are 90° out of phase of the main accelerating field. Consequently, as the magnetic
field increases, the fractional error in the magnetic field decresses and at high
energy the effect of the magnetic bumps would therefore be much less. For
this reason it is sometimes worth while to try injecting at the highest possible
voltage. Another reason for injecting at high voltages is that if the bumps are
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less noticeable, it may be possible to decrease the cross section of the vacuum
tube through which the particle must pass because the orbits will be less perturbed
at high energy injection. The value of this has been illustrated in the Brookhaven
proton synchrotron. Here a prefocussed beam of proton is injected and the
prefocussing is so good that betatron oscillations were not required for gathering
the particles into a bundle. Consequently it will be possible in the future to
decrease the gap of such a machine to very small proportions.

Since the main cost of a machine is determined by the volume of gap
between the poles of the magnet which isavailable for the charged particles, the cost
of the machine can be brought to an extremely small value by prefocussing of
injected particles. It is rather ridiculous that betatrons have such a large tube
cross section because the only time the large tube cross section functions is when
the particles are injected and when betatron oscillations arc being used to collect
a beam. When the beam reaches high energy, it occupies a very small space
and it is precisely at this time that an immense amount of energy is stored in the
large space between the poles of the machine, very little of which is used.
Consequently, one should strive in the future for the injection of a prefocussed
beam from out-sde the instrument.

| would like to report some experience about special targets. With
the Sao Paulo 20 Mev betatron you probably use targets of the kind we have
in the Illinois 22 Mev betatron. At times BECKER has used probes in the 22
Mev betatron to get high specific activity of beta rays from samples placed inside
near the electron beam. We have tried a similar arrangement on the 300 Mev
betatron. A very tiny rod of platinum, one-half a milimeter by one-haf a
milimeter and about 4% milimeters long is placed with its long dimension
pointing circumferentially around the electron orbit. Thissmall platinum object
is held by two fine brass wires. It is supported on a probe 180° around the
betatron from the injector, so it appears as a small point of platinum which forms
a source of X-rays if the probe is at a smaller radius than the injector case
We have found that this probe does not obstruct the injected electrons
appreciably, and it has given us for the first time in the big betatron an
extremely fine focal spot with radiation capable of good collimation. We did
not have this convenience when the target was mounted on the back of the
injector. We once tried a probe that was made of 20 mil tungsten wire bent in
the shape of a V with the electron beam hitting the tip of the V. This gave us
a small source of X-rays, but the target proved to be rather thin. The beam
width was only about 12 of a degree all the way across at half maximum
intensity whereas our usual target gives about 1.1° all the way across at half
maximum intensity. It is not exactly clear that one can control the thickness
of the target which one putsin the betatron because subsequent revolutions can
make multiple passages through the target and scattering on the first passage
of the target can take an electron out through the side of the structure without
passage through the complete thickness of the target.

The advantages of the probe type of target are that we can change
injectors without disturbing the target and collimation. We apparently can
control target thickness to a certain extent, and we can control the source size.
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DISCUSSION

SANTOS: | was very interested in that quotation you made of the use of this field
inhomogenity in order to focus a diverging beam coming from the injector. Do you know
whether they have made some experiments or whether it is just a theoretical guess?

KERST: It isjust a theoretical guess by Barden of Metropolitan Vickers in England.
At the Case Institute they have a small Betatron and they believe they see the effect. They
say that they trap electrons on the back side of their injection voltage wave. They believe
that they trap electrons at this time because these leases turn off when the voltage disappears
and that is an essential feature of the lenses, one must turn them off. This is their evidence
for the effect. They operate with tubes of very high wall resistance and one must turn the
beam off anyway or electrostatic potentials would be created on the wall.



Stability Conditions of the Betatron of the
Laboratdrio de Fisca Nuclear

J. GOLDEMBERG, R. R. PIERONI, M. D. S. SANTOS AND E. SILVA

Faculdade de Filosofia, Ciencias e Letras, Universidade de Sao Paulo, Sao Paulo, SP., Brazl

1. INTRODUCTION

Between the different experiments that can be carried out with a Betatron,
particular importance deserve those that can give precise information on the
behaviour of a phenomenon under study as a function of the energy of the
electron beam (or the maximum energy of the Bremsstrahlung emitted as the
electrons strike a target).

It has been shown (HASLAM at al., 1952; KATZ, 1952) that by means
of an accurate control of the energy it is possible to use the betatron radiation in
order to measure the energy of the excitation levels of several light nuclei.

In this paper, the stability conditions of the USP betatron are described
and two new types of energy integrators are discussed.

1. INFLUENCES DUE TO VARIATIONS OF THE EXCITATION CURRENT

In most Betatrons the energy of the electrons can be adjusted by means
of an integrating circuit (BALDWIN & KOCH, 1945 MCELHINEY Et at, 19 19, KATZ
et al.,, 1950) whose purpose is to allow the electron beam to strike an internal
target when a pre-determined energy is reached, irrespective of small changes
in the "magnet amplitude".

It is known, however, (MCELHINEY et al., 1949), that a variation of
the magnet amplitude gives rise to a small error in the energy control. This
error (which depends on a phase shift between the guiding and the acceleration
fields and on non-linearities in the iron) is sensitive also to the type of expansion
circuitry used.

Infig. 1, curve 1 represents the variation of the saturated activity induced
in a copper sample by the reaction {u®(y,n)("4"%; the points were obtained by
setting the integrator bias at 20 Mev, the energy setting chosen corresponding
to the maximum dope of the excitation function for this reaction. The energy
integration was obtained by means of an RC integrating network (KATZ, 1952)
connected between ground and the high voltage from the magnet excitation coils.

This curve shows how important it is to maintain the magnet amplitude
constant. Since the stability of the magnet amplitude is due to the stability
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of the frequency stability of the main supply, (which always presents small
variations), a stabilizing network should be incorporated in the machine
(KERST, 1952).

By means of this circuit, it is possible to keep the amplitude within
2% for a frequency variation of 04 cps.

In the Betatron of the Laborato'rio de Fisica Nuclear, it was necessary
to use an electronic controlled magnetic driven alternator, (Electric Machinery,
Minn., Minnesota), owing to the large variations of the main supply frequency.
By use of this system it is possible to maintain the frequency of the alternator
within 0,1 cps for frequency variations of the input between -8 and 2 cps.

A high degree of stability of the magnet amplitude was obtained by means
of this form of excitation; in the betatron excitation circuit, stabilizing resistors
were aso used (KERST, 1952) so that the magnet amplitude is stable within 2 volts.

For high energy research, the neutralizing capacitors of the frequency
tripling transformer are slightly increased, and the magnet volts changed by
means of the input voltage of the tripler: by means of a manual control of
the alternator excitation it is possible then to change the amplitude between 90
and 130 volts, with instantaneous variations not larger than 2 volts.

In order to decrease the "amplitude effect”, a different energy integrator
was used. The em.f. generating across a coil wound around one of the magnet
legs was used with an RC integrating device (GOLDEMBERG € al., 1951). The
potential difference across the condenser armatures, which was in phase with
the magnetic field at the orbit, and whose magnitude was proportional to the field
strength (and hence, to
» ) the kinetic energy of the
1B o electrons), was used to
I-ems = owmor oo {rip the expander circuit.
e This expander cir-

cuit (which was used adso
inour experiments of fig. 1,

i curve 1), was constituted
by a DC amplifier which
’ was used to fire negative

feedback followed by ahigh
gain AC amplifier which

RELAE ACTiary - oy njeu' 135 Mey

o T L w was used to fire a blocking
MAGNET  AMPLITUDE  (WOLTS] oscillator (GOLDEMBEKG et
Fig 1 al, 1951). The sharp pulse

(2 microseconds) generated
by the blocking oscillator fired a KU 676 thyratron which, in its turn, was used
to excite the starter of a GL 415 ignitron.

The current pulse from this ignitron was fed to the expanding coils
by means of a pulse transformer; between the expanding coils and the pulse
transformer a network was used to damp critically the expanding pulse and to
keep the 180 cps induced em.f. out of the transformer sccondary(®).

0) The circuit used between the ignitron and the expanding coils is the same utilised
at the Universities of Illinois and Saskatchewan (KATZ ET AL., 1950).
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No trouble was experienced with jitter from the thyratron and the ignitron
since by overvolting the thyratron grid and by applying alarge current for a brief
time to the ignitron (SLKPIAN & LUDWIG, 1933); it was observed that it was not
larger than the observed values with a 5C22 Sylvannia Hydrogen thyratron.

The results obtained with this integrating device are illustrated in
fig. 1, curve 2. It is seen that this method of controlling the expansion is less
sensitive to amplitude variations. As the amplitude of the machine is kept
within 2%, the incertitude in the energy, due to this cause, is of about 90 kev,
for an energy of 20 Me v.

As there was still an amplitude effect, a new integrating device was
used which vyielded exceptionally good results.

The ideal method for the determination of the energy of the electrons
accelerated by a betatron consists of measuring the magnetic flux through the
equilibrium orbit, between the moments of injection and expansion of the beam.

A st of two coils was glued with red glyptal on the external surface of
the donut, one above and the other immediately below the equilibrium orbit whose
radius was known accurately; as the radius of the two coils were made equal to
the equilibrium orbit radius, the induced ern.f. across its terminals is given by:

+
> o> Tap 3¢
f”x'”_'_/“a—zx“‘"_“zi

it

where g is the accelerating flux.

The output of those coils was connected to the RC integrating network
by means of a transformer which supplied 8.000 volts across its secondary.

By using the same expanding circuit described above, measurements
of stability against amplitude variation were made; the same detector and the
same energy as used in the previous experiments were utilized.

The obtained results are illustrated in curve 3, fig. 1. One can observe
that there is aremarkable improvement in stability asfar as amplitude variations
are considered; the error in the energy setting, due to magnet amplitude variation
of 2 volts is of 40 Kev for an energy of 20 Mev.

It is important to point out that this limit of accuracy is due mainly
to our expander circuitry and it is hoped that a much higher degree of stability
will be reached by means of a more precise amplitude comparison circuit.

I1l. INFLUENCES DUE TO THE MAGNET TEMPERATURE

I't has been observed recently (HASLAM € at., 1952) that there is a large
temperature effect in the energy of the machine, which gives rise to variations
of the yield for the same energy setting of the integrator.

As such a temperature effect should depend on the nature of the flux
integrating system utilized, experiments were made to evaluate how large an error
due to this cause might be.

— 22 —
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In our measurements, the machine was operated at a constant (within
2%) amplitude and activations of Cu strips at 20 Mev were taken at different
times during which the excitation was on.

It was found that our machine reached a stable condition after 20 minutes
of heating; this temperature effect was found to vary with the magnet amplitude,
being of the order of 11,5% for an amplitude of 100 volts and of 8% for an ampli-
tude of 120 volts.

After a warm-up period of 20 minutes, in either amplitude, the effect
disappeared, the activation measurements made being reproducible within
the accuracy of 40 Kev for an energy of 20 Mev.

This accuracy should be interpreted as the shift in energy necessary to
give rise to activation measurements made with the same energy control setting.
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DISCUSSION

GANS:  Uds. han tratado las distintas influeneias sobre la estabilidad del betatron.
Si todas estas causas quedan eonstantes, serf a interesante saber del Betatron de Uds., que grado
do estabilidad tione el electron mismo en su orbita? Han medido Uds. el campo en funcidn
del espacio, es decir, la topograffa del campo?

SANTOS: Our Betatron is actually a standard machine which is built in scries by Allis
Chalmers; the poles have been designed by Prof. Kerst and they should give a field that decreases
with the power 3/4 of the distance. When we received our machine, as it has taken a long time
in the transport the whole surface was covered with rust and we had to clean it, which we did,
but then were not sure that then; were not laminations in short circuit. This would be a big
draw-back because then you would have quite a big magnetic field when the excitation current
goes to zero and that would disturb the injection. So we made a careful investigation of the field
by means of search coils and it turned out that the field was as it should be. We did not bother
very much to follow the measurement of the field from zero to the maximum around 360 degrees.
We thought a good test of this would be to see whether we could get an electron beam; we could
get it and, more than that, we have found that contraction instead of helping did disturb our
yield. Therefore | think we can conclude that the field is correct. As far as the change with
the distance goes, we have measured that accurately and it is what it was built for.



STABILITY CONDITIONS OF THE BETATRON 339

GANS: PUES hay im criterio muy sencillo y mediblc sobre el grado de estabilidad de un
electron quo se mueve en cl campo, es decir, si la figura represcnta esquematicamente el iman
y €l electron se encuentraen P (r, 2
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alrededor del ge r = 0 resulta una montana ariular. A describe el efrculo de equilibrio. Esta-
bilidad hay en la parte B A C, fuera de ella incstabilidad, de manera que la altura de los montes
nos da unaidea del grado de estabilidad y si en un esso eoncreto la forma de la montarla resulta
no aatisfaetoria pueden retocarse 1os polos del imdn de tal manera que se mejora el resultado.

SANTOS: Este e 0 eas0 neste tipo de polo. Tem-se urna grande estabilidadc da orbita
de equilibrio, tanto no que diz respeito As oscilagoes radiais, como no que diz respeito as oscilacdcs.
verticals. A inedida do campo magnclico dd efetivamcnte urna curva dese tipo, e a orbita
de cquilfbrio nos sabemos que e localizada na posicao ideal no que diz respeito as relacoes ideais,
pois ela foi determinada proeurando-se o valor minimo do campo cletrico tangencial. Esse
foi modulo com tod a precisao e eso e o valor que nos da o raio da orbita.

GANS: Y en la direccion axial puede observarse s las Kness de fuerza eonvergen y
en que grado. Da un criterio de estabilidad en la direeci6n axial.

SANTOS: Experiments made i n the |aboratory of Prof. Kerst by Becker using an internal
probe have shown that when one expands this orbit and one activates, let us say, copper, and
then one makes a radio autography of it, one can see that the beam looks something like this:
it may bo 1 mm. high and about 2 mm. wide and this asymmetry is of course due to small
oscillations which depend on the shape of the field. But it is very stable and when one expands
the beam against a thin target such as the one that is used for X-rays, one can s that the whole-
beam comes from a point source. So, | think that the equilibrium orbit is very stable.






Cross Section for Neutral Pion Production by p-p Collisons
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The group at Berkeley measured the relative production of neutral
pions by 340 Mev protons striking various nuclei but did not observe any production
within the limits of experimental error from p — p collisions. Instead their results
seemed to indicate that there was neutral pion production practically only from
p—n collisions at this energy. For example the pion production cross section
for B” was equal to that for 2. These 2 nuclei differ by 1 proton. Therefore the
Berkeley results indicate that the neutrons contribute but the protons apparently
do not in a nucleus.

This fact was interpreted as a result of conservation of energy, parity,
and angular momentum. At 340 Mev kinetic energy of the colliding nucleon
there is approximately 170 Mev in the bari-central system of the two nucleons.
To make a pion requires 140 Mev. There remains 30 Mev for the kinetic energies
of the 3 resulting particles in the bari-central system. In general the meson takes
a large part of this energy, consequently the two nucleons are left in an S state
with respect to each other.

It is a well known characteristic of nucleon collisions that pions are
created mainly in P states. Let us apply conservation of total angular momentum
and parity. In the case of p—p collisions there is aso the further limitation of
the Pauli principle. If the final nucleons are constrained to remain in an £ state,
the p—n collisions can produce mesons in a P state but the p—p collisions can not.
Furthermore there are more initial states of the p—n system which can create
mesons than is the case for the p—p system. Consequently close to the pion
threshold it is reasonable to find a relatively high cross section for neutral pion
production from p —n collisions and a low or zero cross section for p — p collisions.
These arguments are no longer valid at higher energies when higher angular
momentum states of the final nucleons contribute.

It was therefore immediately of interest to find whether the production
of neutral pions from p—p collisions was observable at higher energies and if so,
to measure it.

Because there is practically no external beam of protons at Chicago
this experiment had to be made inside the cyclotron. It was necessary to use
liquid hydrogen as the target because in any material containing neutrons the
neutral pionyield from the p—n collisions might mask that from the p—p collisions.
A target containing liquid hydrogen was placed at a radius of 76 inches in the
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cyclotron.  Protons of 450 Mev maximum energy were scattered into the liquid
hydrogen, producing neutral pions which then decayed into photons in the target.
Photons emerging in the forward direction, i.e. tangential to the proton beam,
were observed in a detecting apparatus placed outside the cyclotron in the
experimental area.

As they accelerate in the cyclotron, the protons move out a distance of
less than 2 mils perturn. The liquid hydrogen had to be held in a target container
inside the cyclotron but the walls of the container had to be more than 2 mils
thick. Consequently the direct proton beam would scrape off almost entirely on
the walls of the target if it were placed directly in the beam and would never get
into the liquid hydrogen. For this reason it was necessary to scatter protons
into the target.

The feature of the cyclotron which makes this possible is the property
of beam oscillation. At 7(3" radius the radial frequency is approximately equal
to the cyclotron frequency, and the frequency of Z oscillation is about one fourth
the cyclotron frequency. After one revolution from a scattering target the beam
has been refocused radially but has reached maximum vertical deflection.
Exploratory measurements were made of the focusing of the scattered beam which
showed that a 20 mil platinum foil scattered 10% of the beam into 1 square cm.
approximately 1 inch from the median plane. Accordingly the hydrogen target
was placed above the median plane.

A collimator inside the cyclotron but outside of the beam defined the
target area seen by the detecting apparatus.

A second Pb collimator defined the solid angle of detecting apparatus
seen by the target. The beam consisted of an approximately equal flux of neutrons
and gamma rays. The high energy neutrons are an unpleasant feature because
they knock on high energy protons. Consequently we could not easily use
scintillation counters alone. To measure the photons from 7° from hydrogen with
a pair spectrometer was found to be quite difficult because of the low intensity.
We found that the water CERKNKOV counters were almost perfectly adapted to this
experiment, because the protons in this beam had too low a velocity to make
CEKENKOV radiation in water, but only electrons and mesons could do it. The
flux of mesons was so exceedingly small as to be completely negligible. Therefore
a telescope was made consisting of a liquid scintillator and a water CURENKOV
counter, which could be placed directly in the neutron photon beam, and which
was specific for electrons.

The proton flux was measured by the activity of Na” which it induced
in aluminium foils. The cross section for this process has been measured for protons
of this energy by Luiz MARQUEZ. The foils were able to be placed directly over
the end of the hydrogen target in such a way that one foil integrated the protons
which passed through the empty target, and another foil measured the same
quantity when the target was filled with liquid hydrogen.

With these various elements of the experiment the differential cross
section for photon production was measured to be

doy = 0.2 X 1077 em¥sterad.
42 zrro degress .
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A straightforward ealeulation gives the wvalue of oy /[day/d 9.
assuming isotropie pion emission as 5.0 and, assnming  wave pion emission, as 4.0,
Accordingly we used a mean value of £.5. for this quantity, with which we caleulate
the total neutrul pion produetion eross seetion for p — p collisions to be

_ 1 -
er’(p—-p) =0.2X% 107 X ) X 1.5 = 4.5 X 107% em? /sterad

DISCUSSION

HERB: YOU spoke originally of the Berkeley results and you spoke of the expected
ratio of p-p and p-n cross-sections. What do your values give for this ratio?

L. MARSHALL: This ratio has apparently decreased a lot from 340 Mev to 450 Mev.
It can be understood because now higher angular momentum states can enter which allow the
pious — the neutral m° -— to be created into a P state even in the case of p-p reaction. At 340
Mev the argument was that the pions can not be created into a P-state because there is not
energy to let the resultant nucleons go into a /'-state and conservation in parity and in angular
momentum prevents the creation of the TT" meson into a P-state with the nucleons in an
Estate.

KERST: The Be test was made with the scattered beam, was it not?

L. MARSHALL: NO, it was made with the direct beam. May be | should say that we
did a third experiment on Beryllium using a pair spectrometer. In fact this was the first
experiment that we did. We could not however use the pair spectrometer on hydrogen. We
did it in the usual way, putting a block of Beryllium in the beam and using a pair spectrometer
as detector and we got a cross-section. The differential cross-section as measured on Be for
the Cerenkov effect was 4,0 and with the pair spectrometer was 3,5. We had a round-pole
pair spectrometer and the efficiency of a round-pole pair spectrometer varies rapidly against
energy. We calculated this efficiency: it depends not only on the energy at which one looks,
but on the thickness of the converter foils that one uses, also. We calculated three different
efficiency curves for three different thicknesses of foils in the pair spectrometer, and used them
to obtain the value of 3,5. I believe that the check of these is perhaps valid.

KERST: Both of those were with beryllium in the beam.
L. MARSHALL: Yes.
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INTRODUCTION

Cross-sections for photonuclear processes cannot be calculated precisely
by the usual methods (JOHNS et al, 1950; KATZ & CAMERON, 1951) unless the
spectral composition of the Bremsstrahlung radiation is known accurately.

It is generally assumed that the spectrum in the forward direction from
betatrons and synchrotrons are well described by the formula due to
SCHIFF (1946 & 1951)

P=2( -~z {na=D+7(ra~Y%)

where o = af ot/ (af + aS)
ap =2W(l — 2) uz
ar = (/2"

This "old Schiff relation with (7=191 is actually a compromise in shape
between the total Bremsstrahlung spectrum and that in the forward direction
calculated with C = 111 which is
expected to hold only for very thin -
targets". (KATZ & CAMERON, 1951).

It is assumed that KOCH
& CARTER'S (1950) measurement on
the Bremmstrahlung spectrum with
19.5 Mev electrons is a good
confirmation of the theoretical
spectrum, although there are about
10% more quanta in the middle
energy range than is predicted by
the theory.

It is important however, to
point out, that in KOCH & CARTER'S
experiments, a platinum target of L tntv!“ L3S
uniform thickness was used (0.005"

Pt) whereas in the betatrons that Fig. L
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have been used for cross-section measurements of photonuclear processes, the
target used for Brecmsstrahlung production cannot be considered as a target of
uniform thickness, its profile being, on a first approximation, that of a Pt disc
2 mm radius and 0.5 mm thick.

JOHNS, KATZ, DOUGLAS & HASLAM (1950) have shown that the shape
of the cross-section curves, as well as the "resonance" peak are sensitive to the
spectral composition, although the integrated cross section is less so.

As the spectral composition of the Brecmsstrahlung radiation originated
from a "conventional target" (disc shape) is sensitive to its relative position to
the equilibrium orbit and to the shape of the expanding pulse, it seems that a
comparison between results obtained in different laboratories is difficult; it would
be advisable, therefore, to use a target of a uniform thickness at a known radius
and with a standard expansion circuitry; the spectrum should be measured and
compared with the theory.

GOLDEMBERG, SANTOS & SILVA (1951) have shown that a conventional
target does not give rise to a spectrum similar to that from a target of uniform
thickness; by measurement of the angular distribution about the forward
direction, the emitted radiation behaved as coming, at different angles, from
targets of different thicknesses and it was shown that this behaviour was not
due to multiple scattering.

In order to investigate these conclusions, several measurements of the
reaction Cu®® (y,n)Cu®? were carried out with a standard target and with a gold
target, of a thickness of one tenth of a radiation length.

The results obtained in these experiments are discussed in this paper,
together with some preliminary investigations of the angular dependence of
the energy spectrum; the latter are important if one wants to attach a meaning
to angular distribution measurements.

EXPERIMENTAL ARRANGEMENTS

A gold target, 0,1 radiation length was used instead of a conventional
one; this target was placed on the injector structure at a radius of 21,8 cm from
theorbit center. The target wasgiven an optical
flat at its edge in order that it could be located
at 90° with the expanding electron beam; this
care was necessary in order that the electrons
would traverse the same thickness of material.
The expansion circuit was adjusted to give fast
pulses; the position of the orbit, during the
expansion, is not likely to give rise to multiple
traversals of the target.

The thickness of the gold foil was
chosen so as to have a small probability for
e e multiple radiation; its ionization energy loss is

’ ENCAGY v aso small (0,3 Mev for 19.5 Mev electrons);
Fig. 2 on the other hand the target is sufficiently thick

&ty
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to have enough multiple scattering and the X-ray beam is of an intensity high
enough to make activation measurements.

In our experiments with the conventional target, the same circuitry
was employed in the expanding circuit and the position of the target was
mantained the same as for the gold target.

RESULTS

All the measurements were carried out in the forward direction; the
irradiation technique was almost the same described by JOHNSrt al. (1950), although
the copper samples subtended an angle of 15' of the beam and a Victoreen thimble
was used in all measurements to measure the beam intensity.

The energy of the electron beam was measured by assuming a value
of 10.9 Mev for the ('« (v, w}"«™ threshold; the energy integrator was calibrated
again when the target was changed.

The obtained results for the excitation functions of the Cu®(y, n)Cu®
ac? illustrated in fig. 1; it is seen that the curves do not superpose on each other,
the excitation function as obtained with the gold target lying above the one
obtained with the conventional target.

As the differences for the activities, for a given energy, increase with
the energy and since these differences are much higher than the experimental
errors which, incidentally, are of a statistical nature, the conclusion is that the
conventional target produces a larger amount of soft radiation than does the
gold target (by soft radiation we understand, in this case, radiation of an energy
below the threshold of the CU® (7, n) Cu® radiation).

The cross-sections for this action, as calculated by both the excitation
functions, show a slight displacement of the maximum towards higher energies
(for the gold target), although the shape of the cross-section curves is very similar,
with an increase of about 12% for the cross-section as measured with the gold
target Bremsstrahlung radiation.

According to SCHIFF (1910 & 1951), "to a good approximation the energy
distribution at all angles is that usually associated with the total radiation”.

The experiments referred to above, seem to indicate that, even in the
forward direction, this does not seem to be the case

THE ENERGY ANGLE DEPENDENCE

Excitation functions for the l','u"'s('r, m}Cu™ reactions were measured
at different angles about the forward direction in order to test whether the spectral
composition remains the same.

The measurements were carried out with our standard irradiation
technique at angles of 3,77° and 8,44° about the forward direction: the target-
sample distance was kept constant.

The obtained results are illustrated in fig. 2, for the gold target whereas
the results for the standard target are given in fig. 3.

During the measurements, the behaviour of the machine was tested
periodically by means of the induced activity at a given integrator setting, in
a copper plate mantained at the forward direction; by this means it was possible
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to conclude that the betatron as well as the Victoreen thimble and electrometer
system behaved as expected.

The only interpretation of the curves of figs. 2 and 3 is that the spectral
composition changes with the angle about the forward direction, in disagreement
with Schiff's expectations; one can see that the conventional target gives rise
to a larger amount of soft radiation than
does the gold target.

As the Incite block was displaced
sideways, some measurements were carried
out in order to check whether Compton
electrons and X-rays (produced on the edge
of the block struck by the forward
radiation) could be responsible for the
increase of the soft radiation; absorption

RELATNE  MTRATY

measurements with lead and inverse square

L—»ﬁ_— e ] law measurements (fig. 4) were made leading
EHCRT wvy to the conclusion that the observed effect,

Fig. 3 viz. the angular dependence of the spectral

composition, could not be ascribed either to
Compton effect or to an influence of the diverging electron beam (or its secondaries
produced in the poles) from the donut.

It seems, therefore, that the spectral composition of the radiation changes
with the angle about the forward direction the relative contribution of the soft
photons increasing with the angle.

This conclusion received a further confirmation by means of experiments
which were carried out in order to eliminate the ionization measurements of the
beam intensity, by means of the activation
induced in thin samples of Zn and Ta
placed simultaneously at different angles:
two sets of these foils were placed in the
forward direction and at an angle of 8°44
about the forward direction; they were
irradiated simultaneously during 30 minutes
at an energy of 27,2 Mev.

i

¥
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The netivities measured were duc vamcr” osce
to the resetions Zn® (y,n) Za™ and Fig. 4

g (v, 1) Ta™ As the exeitations

functions of these reactions (MCELHINNEY et al., 1949; GOLDRMBERG et al., 1953)
are sensitive to different regions of the spectrum, one should expect a change in
the ratio of the activities if the spectral composition is angular dependent.

The obtained results were the following:
Forward direction: Zn/Ta: 6.99 + 0,00
8»44 about the forward direction: Zn/Ta: 5.92 + 0.00.

Those measurements confirm our measurements with the excitation
functions at different angles and show that the relative amount of soft radiation
increases with the angle about the forward direction.
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DISCUSSION

BOHM: Willi regard to the discrepancy in the angular distribution you should not
predict that the energy curve be entirely independent of angle, but find that it depends somewhat
on angle. Of course, Schiff's curve must be some kind of an approximation, and this
approximation must fail when you get to angles that art; about as wide as your angular
distribution. How does the angle at which you measure compare with the width of the angular
distribution? You have a certain angular distribution, say 10° or 20° and you measure at 4
or 5 or 10; and now what is the ratio, what was your angular distribution, how wide was it?

SANTOS: We went- up to about 10°. Thisif you work at 20 million voltsisamuch higher
angle than the intrinsic half-width for a single collision.

BOHM: HOW wide is the multiple scattering distribution that you measure and how
wide is the distribution?

SANTOS: That was something like 4°. That depends on the energy, it was about 4°
for 15 million volts and | think it was something like 3° for 20 million volts.

BOHM: You made measurements at 4"; then Schiff's theory would not be expected
to hold at that angle because Schiff's theory is essentially this, that if you have a lot of multiple
scattering then if the radiation is only 2/2° wide and multiple scattering is 5° wide then in the
first 5° you would not expect to find any appreciable change in the spectrum. But if you get
to an angle as wide as the width of your beam, then you would expect that Schiff's theory would
not apply.

SANTOS: AS far the composition of the radiation is concerned, we went up to angles
of 8°44' which are quite large. | think that Schiff's approximation is not a correct one because
angular distribution is one thing and spectrum composition is another. When he calculated
his angular distribution he took for the intrinsic radiation half-width for a single collision an
expression which is energy independent and, therefore, we should not expect to find an energy
dependence.

Replying to a question by Herb, SANTOS pointed out that with a very thick target
one can have alot of multiple scattering and one should not expect to find an energy dependence.
He said that this can be explained by an observation which was made by Powell, Hartsough
and Hill: if one has a collimated beam of elections hitting a thick target, due to the multiple
scattering it is only 1/10 of the target thickness or so that will contribute to the radiation in the
forward direction whereas (due to the multiple scattering) all the other electrons go away and,
therefore, in the forward direction one should have something which looks like a thin target
spectrum. The energy dependence of the spectrum on the angle makes it very difficult to
understand, for instance, what a measurement of an angular distribution means, because if the
detector is sensitive to the quality of the radiation, and thisis the case with aionization chamber
or with a copper detector operated above the threshold, and if the composition changes with
the angle then one does not know what one is measuring and it is very difficult to compare
with the theory.
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KERST: | would like to make a comment, to defend Sehiff because, as far as | understand
Schiffs clich6, he observed that the spectrum in the forward direction looked very much like
the integrated spectrum which appears in the literature, since practically all the energy goes
in the forward direction, it cannot help have the same spectral shapes that the whole integrated
spectrum would have. | think that the important point is not necessarily whether or not Sehiff
was right but rather that much work has been done without regard to precisely what are the
spectral effects and perhaps the forward spectrum that people have been using is itself not
actually known.

SANTOS:  We think that this angular dependence that we have found shows that in
the forward direction one should have something which is much closer to, let us say, a very
thin target spectrum, than to the total spectrum.
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We very early decided to put our efforts on a magnetic ion source. There
are several reasons for this choice. In the first place it appears that to obtain high
beam and high efficiency, the capillary art; source, in any of its numerous variations,
must berejected. To my knowledge the only other types which have been found to
be practical are the high-frequency source, with or without magnetic field, and the
dc source with axial magnetic field.

A study of the literature leaves one in considerable doubt as to which of
these types of source is the better, since various claims are somewhat conflicting.
We decided on the dc type of magnetic source because it seemed to offer the best
possibilities of obtaining a fool-proof source requiring absolutely no specia tech-
niques, no circuitry except standard laboratory supplies, and the minimum of such
hard to obtain materials as insulating seds, porcelain supporting members, etc.
In brief, this type of source consists of a cylindrical discharge chamber in which
a magnetic field is maintained parallel to the axis. A filament is located on or
near the axis of the discharge chamber. The anode is cylindrical and the ends of
the chamber are closed by plates at a potential slightly lower than the filament.
Electrons drawn from the filament cannot go to the anode directly because of the
magnetic field. If they lose even asmall fraction of their energy they can no longer
return to the filament. The result is oscillatory motion until finally they are
captured by the anode. Thus each electron becomes much more effective as an
ionizing agent than in a non-oscillatrory source. Thisin turn results in sufficient
ionization at low pressures so that the exit-hole of the source can be simply a
hole drilled in one end-plate. Thusion extraction is more efficient than in a source
with a capillary withdrawing tube. The literature contains several examples
of remarkably efficient sources constructed on this principle.

It is clearly not at all difficult, judging from such work as that of KISTE-
MAKERand DEKKER, to construct asource capable of giving several milliamperes of
current. A little thought shows that even a perfect Van de Graaff, returning all
of its charge to ground by means of ion current, could hardly be expected to handle
even | mA. Hence we s that the upper current limit is not a serious cause for
concern. What we must be sure of is that the source is capable of delivering an
extremely well-collimated beam of protons at good gas efficiency, and preferably at
good power efficiency. The experimental source which we have constructed
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fulfills these two requirements at least reasonably well. The opening angle of
the beam is only 2 degrees, regardless of the current, providing that the source
is space-charge limited. J will return to the subject of space-charge limitation
later. First | will give a more detailed picture of conditions of operation of our
source. | should mention at the start that the source that we now have was de-
signed strictly for experimental work. No arrangement was made for either
conduction or forced-air cooling, and so it is quite incapable of operating
continuously. In the designs of the source for the Van de Graaff, such measures have
been taken.

The first subject to be considered is the location of the hot filament.
KISTEMAKEK and DEKKER found an increase in efficiency upon locating the filament
in proximity to the exit-hole. We have rejected this type of construction, although
wedid not really giveitafair trial. Weoriginally placed the filament directly over
the exit-hole. The source actually did not work very well, it being impossible to
get appreciable beam unless the pressure was raised until a real arc breakdown
occurred. When we moved the filament to the back of the source the operation
improved tremendously. We probably should have carried on some investigations
to determine the cause of this change. However, we were so struck by the
tremendous simplification in filament mounting, as well as the increased
possibilities of cooling the parts of the source in proximity to the filament., that
we left the filament at the back of the source, and did not track down the cause
of the improvement in operation.

The magnetic field is obtained by a solenoid coil. In the experimental
source the coil was seded inside the vacuum chamber by means of an O-Ring
bounded cylinder. Thistype of construction is not to be recommended unless certain
conditions of rigidity and temperature, not achievable in our ion source, can be
maintained. In the source which we have designed for the machine, the coil formis
open to the high pressure atmosphere, and finned so that forced air cooling will
be easy and effective. The solenoid coil can hardly be said to live up to the
requirement that its diameter be negligible with respect to its length. We have
made measurements on the field with a moving one-layer coil. The signal was
integrated numerically after being placed on a scope. These measurements
showed that the field at the ends was only around 75% of the field at the center.
Under most conditions of operation the? value of the field is not at all critical, so
apparently this variation in field is not too serious a defect.

A detailed discussion of the various effects obtained by varying the
magnetic field is not in order in a paper of this length. It suffices to say that under
the conditions usually encountered, the output current of ions rises very steeply
withmagneticfield. Thisstrikingriseisclearly dueto theincrease of theionization
efficiency of the electrons, due to oscillation. The total anode current does not
increase when magnetic field is applied, but in fact decreases somewhat, due to the
increase in the negative space charge of the oscillating electrons. The rise in
output becomes less marked above 400 gauss, and shows signs of saturation.

Probably the subject of widest interest, and that causing the widest
controversy, is the effect of gas pressure. First | will say that we have found our
best operation to be with the filament hot enough and the gas pressure |ow enough
so that the electron current is negative space-charge limited at the filament.
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Besides other advantages, this type of operation should substantially increase
filament life, due to the shielding effect of the electrons against positive ion
bombardment. The current is not exactly the same under operation, as with a
high-vacuum in the source, but the presence of the plasma does not increase the
electron current by more than 50% over the value in vacuum. We prefer to run the
filament at a temperature such that the temperature-limited value of current is
three to five times the value of current actually flowing from the filament at any
given time. Thisresultsin very stable operation, with the output controlled entirely
by the anode voltage. Thus we se that we are very far from true arc conditions,
and closer to vacuum-tube operation.

We have by no means, however, been able to duplicate the figures given
by KISTEMAKER and DEKKER. AS stated in the abstract, we operate at between
4 and 9 times 10™* mm. of Hg. In the paper of Kistemaker and Dekker they state
that their source operates at currents up to 13 mA. with an internal pressure of
10°° mm. of Hg. | am not able to advance any mechanism which could explain
such a tremendous difference between their results and ours. Our gas efficiency
is then considerably lower than theirs. In our source the ratio of the numbers of
ions to the number of gas molecules leaving the source approaches 11 at high
currents, and is ordinarily between 12 and 13. While these figures are not
exceptional, they are quite satisfactory, and considerably higher than those for
the older types of source.

The power required by our source is reasonable, being about 0.1 watt/pA.
Thisis almost equally distributed between the filament, the magnetic field, and the
anode.

Under our conditions of operation the voltage in the anode can take on any
value, since a true arc never occurs. Increase of the anode voltage brings about
a corresponding output increase, both due to the greater electron current, and in
their greater ionization efficiency. We have used with success anode voltage up
to 250 volts. From the point of view of beam homogeneity, as well as ionization
efficiency, afurther increase would probably not bring much improvement. After
a great deal of what can only be called fooling around, we came to the conclusion
that to obtain good operation we needed heavy electron currents, relatively
speaking, without the aid of the gasin the source. This, we believe, is because if the
pressure is high so that the ions can aid substantially in electron extraction from
the filament, this almost automatically means that the mean free path of the
electrons is too small for them to be effective in oscillation. Thus their efficiency
falls tremendously, and the whole advantage of this type of source is lost. At
first we thought to increase the electron current by reducing the cathode-anode
spacing. The current did, of course, increase tremendously when we moved the
filament much closer to the anode. But the ion current actually decreased, and
the electron efficiency became very low. This effect can be simply explained by
the hypothesis that since the filament is on the axis of the source, and the anode
is cylindrical, the electrons leaving the filament were subjected to a radial field,
and could not oscillate effectively. Finally the question was resolved by placing
a, positive grid in front of the filament. This gave the desired increase in electron
current, without a corresponding decrease in efficiency. Naturally many electrons
are lost on this grid, but the increased humber more than compensates for this loss.

— 23 —
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We now wish to discuss the results of our investigations on beam-forming,
towhich we referredearlier. Since this type of source resultsin the formation of
arich plasmadirectly in the exit-hole, calculations and measurements as made by
Pierce for electron beams are directly applicable to the source. The exit hole is
simply an opening in a thin disc of aluminum. This opening, under proper
conditions may be thought of as a space-charge limited emitter of ions. Assuming
then that we shape our electrodes to compensate for space charge repulsion, the
current flowing in the rectilinear beam can be theoretically calculated. The
formula is

I=54 VM2 425" ma.,

where V is the extracting potential, expressed in kilo-volts, A is the atomic
mass of the ions, and k is the ratio of exit-hole-probe spacing to beam radius.
Note that the absolute size of the extracting space does not enter the formula.

We have verified the applicability of this formulato our source, and have
found, as expected, that as long as the discharge conditions are such that the source
is capable of giving somewhat more current than is actually being drawn, the
formula is followed very well. A close check is not feasible unless the beam has
been analysed and the distance from the source to the probe checked with higher
precision than we were able to do in our present arrangement. Likewise the
divergence of the beam is at least approximately correct under these conditions.
This was checked by a group of concentric pick up disks which enabled us to
measure the beam profile. No precision can be obtained from this sort of
measurement, since with the beam striking more than one disc, the actual value
of the secondary emission coefficient enters into the calculations. The results do
indicate, however, that under space-charge limited conditions, the opening angle
is only about 2 degrees.

At first sight, then, all would appear to be well with our source. The only
serious difficulty will come when we attempt to focus this beam into our
accelerating tube. Mr. NUSSENZWEIG will report on calculations we have
made on thisproblem. We don't wish to anticipate what he has to say, but in order
to complete the discussion of the source it will be necessary to quote the following
result of these calculations. That is, that an arbitrarily small extracting voltage
does not lead to a focusable beam. There exists a certain minimum extracting
voltage below which focus is impossible for a given mechanical arrangement,
and a given accelerating tube gradient. Our formula for current then shows us
that if we are to maintain a space-charge limited condition, there is a certain
minimum focusable current. We can, of course, reduce this current quite a bit by
increasing k, but physical limitations prevent k from being very large. If we
simply reduce the intensity of the discharge a certain part of the beam will be lost
due to defocusing.  This occurs because the electrodes are shaped to give rectilinear
flow in the extracting region, only for a space-charge-limited beam. Part of the
beam will still be collimated, and if the unfocused part does not cause too much
trouble in the accelerating tube, then we will have solved our problem.
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DISCUSSION

HERB: | would like to sec a drawing of your ion source.

SMITH: The figure here shows the ion source, not the one we now have in operation,
but the one we designed for the Van de Graaff generator, The anode is a thin tube mounted
on a piece of pyrex. The exit-hole is shaped according to Pierce's calculations. (Pointing
to probe). This piece is going to be separated and probably mounted by insulators here. This
is another subject which we cannot discuss at this meeting, but it is a subject which comes under
the heading of ion source pulsing. We hope to be able to pulse this probe and thereby get a
very fast changing output beam. As regards the cooling everything you see here, practically
is finned, so that you can blow air in here. It follows the arrows around. This cools the coil
and all the region where the anode is. The head of the source, containing the filament is finned
into a depth almost all the way, so it will be quite effectively cooled and | think our cooling
problem is pretty well solved by this.

KERST: |f you want to decrease your current can't you merely make the hole smaller?

SMITH: Up to a certain point. But if you are going to keep space-charge limitation
these surfaces here have to be shaped precisely. Now already in the new design the hole is 0,8mm.
and the machinist is wondering how he is ever going to shape the electrode to get the, space
charge compensated shape on the right when we can bandy see it and | suspect that much smaller
than that would really be impossible,

KERST: It is a unique situation when you have too much current.

SMITH: | think that most ion sources give an awful lot more current on the test-bench
than they ever do in the machine, so | am not at all surprised at this.






Some Problems in the Design and Utilization of
Electrogatic Generators

It. G. HERB
University of Wisconsin, Madison, Wis, U.SA.

The Wisconsin electrostatic generator has been in operation since 1940
when in test runs it gave a beam of protons at a maximum energy of 4.5 Mev.
Although afew components such as the charging belt, V-bclts, and pulley bearings
have been frequently replaced, most of the original parts of the machine are still
in good condition. The generator is still operable at 4.5 million volts if it is clean
and in good adjustment.

During its twelve years of use, a scries of developments were made for
improved energy control of the ion beam from this machine. 1t now operates in
the following manner. Theion beam from the generator first passes through alow
resol ution magnetic analyzer which focuses ions with a particular ratio of charge
to mass onto the object slit of a 90° cylindrical electrostatic analyzer which has a
maximum resolution of about 5000. The exit or image slits of this analyzer are
coupled through amplifiers to a corona point which drains charge from the high
voltage electrode of the generator. The voltage of the electrostatic generator is
automatically held to a value determined by the electrostatic analyzer.

Voltages supplied to the deflecting plates of the cylindrical electrostatic
analyzer are provided by a supply regulated to .01%, which is controlled by the
settings of a potentiometer and to vary the energy of the ion beam requires the
twist of only one knab.

Because of the ease with which energy of theion beam may be varied, the
machine is well suited for determination of cross section values as a function of
bombarding energy. A few examples of excitation functions will be given.

A new electrostatic generator is now being constructed in which insulating
support members are made of porcelain cylinders bonded to metal with silver solder.
The evacuated accelerating tube of this machine is aso to be fabricated in this
manner. 1t will be fabricated throughout so that it can be baked at about 500°C.
This tube construction and processing is expected to improve the tube performance,
but test results are as yet inconclusive. Assembly and test of the machine should
be under way in the fall of 1952.

DISCUSSION

ALBA: What kind of belt do you use?
HERB: We used all sorts of beltsin the past, starting with silk ribbons. | don't think
we ever used paper, although some people did. We finally settled on ordinary woven cotton.
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These belts work pretty well, so for the past ten years we have continued to use them. | think
at the moment -a new belt of the same woven cotton, but impregnated with rubber, is being
used.

WIGNER: When you spoke of the development of this machine, | was struck by the
fact that there are two important general trends that govern this development: improvement of
the insulation by increased pressure and subdivision of the voltage. | am wondering what
are the limiting factors in these directions. Starting from the oldfashioned Van do Graaff
Generator of low pressure, of ordinary gas, no subdivision of voltage and no successive layers
of insulators and conductors, you went over to a high pressure gas insulation and threefold
subdivision of the voltage. Why did you stop at the point where you stopped and did not use
solid insulators, a manifold subdivision of the voltage, etc.

HERB: The gas insulator can be made extremely good. With high pressure sulphur
hexafluoride, 1.000.000 volts per inch can be maintained, So, let us say, that is no problem.
Solid insulators, if properly designed are no problem up to close to 2.000.000 volts per foot.
At both M.1.T. and Los Alamos tiny machines were built in recent years giving four million
volts across less than two feet. It turns out that the accelerating tube is so far behind that
other problems arc just insignificant.

WIGNER: How does the tube fail?

HERB: We don't know. It is probably best to talk about the situation where we
don't have an ion beam coining down the tube. When voltage is put across the tube, an X-ray
monitor may show the presence of an electron current which increases as voltage is increased.
At Wisconsin we happened to pick dimensions such that this effect did not occur. Severa
machines having tubes of larger diameters have been limited in voltage by this effect. We
must somehow have coupling from the top of the tube to the bottom; something must generate
those electrons. The fields are far too low to pull many electrons out. We have electrons
going up and we now know that there are positive ions going down. But we don't know how
electron impinging on surfaces can generate enough positive ions to cause regeneration. There
are a number of other effects such as the Malter effect where an insulating layer on a metallic
surface picks up a charge and gives yields so high that large numbers of electrons are pulled
from the metal. Hydrogen negative ions may play some role in the breakdown. Cranbcrg
at Los Alamos has postulated that loose particles of metal are pulled from the electrodes by
the fields. These particles carry sufficient charge so that when they hit an electrode at the other
end of the tube, a small mass of metal around the place where the particle penetrates may be
raised to a very high temperature. Drophts of metal could be ejected or electrons could be
emitted. Attempts to test the validity of these assumptions have not been very successful.
Perhaps all of these effects enter to some extent.

SMITH: | don't understand this corona system, because you have three;, let us say,
plates in your triode and how can the corona current go to anyone of them but the outside one ?

HERB: Yes, it will go to the outside one. |n recent years we have not used the largest
of the 3 electrodes. We have used only the first two. Changing the potential of the outer
electrode is satisfactory. |f we drain current from it, it drops in potential and everything inside

of it follows.
1MV
A. D_-“I.

Suppose (A) is the outer one and (S) istheinner one. Suppose the potential of the inner electrode
is 1 million volts. Suppose | lower the potential at A by 1 kilovolt, then the potential of
electrode B will be lowered by one kilovolt.



Calibration dd Generador de Van de Graaff de la
Universdad de Mexico

FERNANDO ALBA ANDRADE*

Universidad National de Mexico, Mexico, D.F., Mexico

El generador electrostatico del Instituto de Fisica de la Universidad
National de Mexico, fue construido en la High Voltage Engineering Coorporation.

Con este generador pueden acelerarse protones, deuterones y electrones,
hasta alcanzar una energia de 2 Mev.
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Fig. 1

El aparato consiste de un mecanismo acelerador, un campo magnetico
selector y la camara del bianco.

* Becario del Instituto National de La Investigacion Cientffica.
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a) Mecanismo acelerador

Este mecanismo se encuentra dentro de un tanque vertical, de 88 cm
de diametro interior por 2 m de altura que contiene una mezcla de bioxido de
carbtfn 'y nitrogeno a presion.

Para medir el potencial a que se encuentra la terminal de alto voltaje,
se utiliza un voltimetro generador.

El tubo acelerador, esta formado por anillos alternados de metal y pyrex.
El vacio en la parte interior del tubo es del orden de 10°° mm. de Hg.

b) Campo magnelico selector

El campo magne'tico separa a los iones de una misma energia, de acuerdo
con sus masas. Las particulas que van a ser usadas como proyectiles, saen
por un tubo horizontal a la camara del bianco, y los iones con masa doble, salen
por un tubo inclinado, utilizandose para mantener constants el potential de
la terminal de alto voltae.

La corriente maxima en el tubo acelerador es de 25 micro-amperes, y
en el bianco de 15 micro-amperes.

c) Camara del bianco

En la cdmara del bianco pueden colocarse 3 diferentes isotopos por
estudiar, pudiendo exponerse cualquiera de ellos con un movimiento de rotacion.

LOCALIZACION DEL APARATO

Ya que € aparato va a ser utilizado en el estduio de las reacciones
deuteron-neutrén, se construyo un laboratorio en el que el flujo de neutroncs
dispersados no seamuy grande. El mezzanine y el piso son de madera, soportadas
por viguetas de fierro, el techo y la mayor parte de las paredes son de aluminio
(Figura 1).

Fig, 2

a) Aparato do cleetrdlisia,
bl Guasdmelrs.

¢! Bomba de mano,

d} Trompa do aire liquido,
¢} Tangue,

f) Bomba de wvaclo,

La calibration del voltimetro generador se hizo utilizando la reaccien
sLi” (p,n) 4B€’, que tiene una energia umbral de 1.88 Mev, los neutrones emitidos
se hicieron pasar a traves de parafina, incidiendo despues sobre una placa de plata.
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Los electrones emitidos por la plata radioactiva, fueron registrados con conta-
dores Geiger.

La medicién del campo magndtico entre 500 y 6500 gauss, en funcién
de la corriente, se efectuo con un aparato de bobina rotatoria 'y con un aparato
de induccion nuclear.

Para comprobar la estabilidad de la corriente electrica que produce
el campo magnetico, se dejo trabajando solo al aparato, observandose que en
la region de 5000-6000 gauss, AH ~ 1 gauss en intervalos de 1 hora, que
corresponde a AE ~ 1.000 ev.

Como no fug posible comprar directamente deuterio, se construyo un
aparato metalieo de electrolisis que produce 1 litro de deuterio en 10 minutos,
(Figura 2).

El aparato consiste de 2 cuadros de acero inoxidable de 20 cm. por lado,
separados por 2 hojas de hide del mismo tamafio con orificios de 1 dm? Estas
hojas de hule van separadas por una tela de asbesto y la mitad superior del ori-
ficio con una tela de hule.

Con este aparato de Van de Graaff, van a estudiarse inicialmente las
reacciones (d, n) por medio de emulsionos nucleares y contadores de neutrones.






The Problem of Electrogtatic Focusng of the lon
Beam in the Van de Graaff Accderator

HERCH MOYSES NUSSENZVEIG, PHILIP B. SMITH AND OSCAR SALA

Departamento de Fisica, Faculdade de Filosofia, Ciencias e Letras,
Univcrsidade de SAO Paulo, Sai Pauh, SP., Brasil

The problem to be discussed in the present communication is that of
obtaining a conveniently focused ion beam inside the accelerating tube of the
Electrostatic Accelerator of the Universidade de Sao Paulo. The projected ion
source has been described in another paper. |t was shown in that paper (SMITH
& SAIA, 1953) that the type of ion source to be used in the Accelerator requires
two important conditions to be fulfilled, namely:

1) The source is to be operated under space-charge-limited conditions;

2) The initial accelerating field used to extract the ions may vary
from its smallest value, which corresponds to minimum beam intensity, to some
much higher value.

In the focusing process most commonly followed, this "extracting field"
acts in the region between the exit hole of the ion source and an electrode kept
a a lower potential, called the "probe". In the region between the probe and
the entrance hole of the accelerating tube, the beam is focused by a "focusing
field" and injected into the accelerating tube, where it undergoes the action of
the "accelerating field". Therefore there are three electrodes to be considered:
the "anode" at the exit hole of the ion source, the "probe", and the "cathode"
at the entrance to the accelerating tube. We do not think that this arrangement
can be further simplified by lessening the number of electrodes.

The parameters which have to be adjusted in order to give a
conveniently focused beam are the distances and the potential differences between
these electrodes. Ordinarily, this adjustment is made in an empirical way and
does not always yield satisfactory results. The only theoretical discussion of
the focusing conditions which is known to the authors is that given by MCKIBBEN,
in which he studies the focusing effect of the converging lens formed by the aperture
at the entrance to the accelerating tube, assuming the beam to have a known
fixed source. However, as the probe will in general be at a different potential
from that of the other two electrodes, there will be another lens formed at the
probe. Since the effect of this lens will be exactly to change the position of the
source of the beam, it seems to us that it is an unnecessary sacrifice of precision
to neglect its existence.
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In this discussion we are going to take into account both the "first
lens' formed at the probe aperture and the "second lens' at the entrance
to the accelerating tube.

Parallel flow of the ions between the exit hole of the

ion source and the probe may be obtained in the usua manner,
l_ by shaping the electrodes according to PIERCE (1940), in order
P to overcome space charge repulsion in the region where the
- riplyiyen energy of the ion beam is still very low. After this region we
neglect space charge effects, although they will certainly have

an effect at high currents.

The paralel ion beam is rendered converging or
diverging by the first lens, giving a real or virtual image at its second focal
point. This may then be considered as a point object for the second lens. If we
want to have a parallel beam inside the accelerating tube, this point must
coincide with the first focal point of the second lens.

The focal lengths can be calculated by means of the usual formula for
civeular aperture tenses: § = 4 ¢/ (E, — Ey). Let 2 and y be the distunces and 1,
and V, the potential differences, respectively, between the anode and the probe,
and between the probe and the cathode, so that all of these parameters are positive.
Let b be the uniform field inside the accelerating tube.

1 [
—X—re— ¥ —>

ioN ACCELEPATING
SQURCE TUBE

«—Vy—]e—V, -

PROBE

The condition giving parallel beam inside the accelerating tube may
then be found by equating the focal length of the first lensreferred to the coordinate
system of the second lens to the focal length of the second lens:

Equation (1):

17, _4(vi+ V)
h_V Ve

Y+
z g Py
In order to simplify the discussion of this equation, we define the
dimensionless quantities:

Equation (2):
_ Vary  Focusing field

B=—ia=gim =t Ry = 2

T V.o Fxiracting jield ' | V. % Eziracling fieid
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The following relation may then be derived from equation (1):

Equation (3):

“"'5{1:&{1 G +5),[a(1+4s)~43:|}

This equation represents s family of hyperbolas depending on the
parameter g,
The equation of the asymptotes to thesz hyperbuias are:

Equation (4):
¥ =14+ 48 Parallel to the a« — Axis
Equation (5):

a
== —45
5

As B decressen, the left braneh of these hyperbolas moves further to
the right, and for the limiting case 8 = 0 we have the equations of two straight
lines:

Equation (0):

w2

¥y=1;v=

A graph giving one of the hyperbolas of the family, drawn for the value:
j8 = 0,04, together with its asymptotes and the two straight lines, of equation (6),
will now be shown.
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We shall divide each hyperbola into three distinct regions, according
to the type of solution which they correspond to. The left branch gives two
of these regions, one of them being that part of the branch which is under the
straight line ¥ = 1 and the other being that part which is above. The third
region is the whole of the right branch.

The first region, which comprehends the greater part of the left branch,
iy that for which ¥ < 1, s0 Vy/y < ¥z and therefore the first lens is diverging.
It is ensily seen that for the whole of thix region v < o, %0 Vo/y < ¢ and
therefore the second lens is econverging, as it must necessarily be in this case in
order to give a parallkel beam. The trajectory of the loms is as follows:

-
T

These solutions may be used for normal operating conditions of the
Accelerator.  For the value of 0 we have chosen and in the region of high beam
intensity, they lead to values of the potentials which do not greatly differ from
those given by MCKIBBEN. Thisis only what should be expected, since it is under
these conditions that MCKIBBEN'S assumptions are more nearly approached.
The difference is principally due to the fact that in MCKIBBEN'S work the source
is considered as being fixed, whereas according to our method its positions depend
on the values of the applied potentials.

As it is this type of solution that is probably going to be used for all
the work to be done with the Accelerator, we shall return to its consideration
after examining the remaining types of solution.

The second region on the left Lranch is that for which 4 > 1, 5o that it
makes the [irst lens convergtug. As in this vegion v < &, we have a > 1, 30 the seeond
lens is dieerging. It is physieally evident that this case must corvespond to a
virtual image formed by the first lens after the entrance of the aceelerating tube,
This may also be scen analytically in the following way, The focal length of
the [irst lens i9 given hy:

Equation (7).

4z
11—

h=

Far the mentioned position of the image to be obtained, we must have;
4> 1;],| >y. This gives the condition: v < 1+ 48, which is sutisfied by points
under the horizontal asymptote, so that the result previously obtained is verified.
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The trajectory of the jons in this ease ja the following:

!

In general, thia type of solution exlls for too high a value of the initial
aceelerating potential ¥V, + ¥y, but it might conceivably find use under oxeeptional
conditions (such us extremely low gradient in the accelerating tube).

The right branch of each hyperhols gives 4 > 1, and it may be seen at
once that on this hranch v < &, so that these solutions make buth the first and
the sceond lens eonrerging. Therefore they must correspond to a crossover of
the beanm. Precisely in the same way as in the preceding discussion, we may
show that this in fact is the case, the crossover condition ¥ > 1 + 18 being satisfied
by ali the points of this region.

The trajectory of the tons is therefore:

In general the crossover is to he avoided, but it is possible that these
solutions be useful for focusing low intensity beams.

We shall now examine two problems which are of great importance for
the design of the actual focusing system. In the whole of the following discussion,
we shall restrict our consideration to solutions which belong to the jirst region
of the hyperbolas.

The first of these problems is to determine the "magnification”, that
is to say, the ratio of the final radius of the beam to itsinitial radius, which is
given by the radius of the exit hole of the ion source. The maximum value of
the magnification has to be known in order to decide how large the radius of the
aperture at the entrance to the accelerating tube must be.
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The final radius of the beam may be found by integrating the trajectory
of theionsfrom the probe to the cathode. Incylindrical coordinates, it is given by:

dz )u ! Eg 1
Ma———2r . =+ = ' _ + Af
{ Ez (:l Vl y) 1 o

where M, is the initial radius, (%f) is the initial slope and E, = % is the
[H]

focusing field. (Pierce, 1919).

The magnification M = %ls then found to be:
o

LG5 -]
AUk 1[+1

TFor small values of ¥, this reduces to the value we should have found
by assuming a reetilinear trajectory of the ions:

Eguation (8):

Equation (9):

| — v
M= 5 +1
The magnification has its maximum value when a = 0 (the corresponding
value of 4 being given by equation (3) and decreases when B increases. For
3 = 0,04 the maximum value is approximately 10. As we intend to make the
exit hole of the ion source 0,8 mm in diameter, this would give a diameter of 8 mm
to the entrance hole of the accelerating tube.

The other important problem for the design of the focusing system is
the choice of the value of ft.

‘J 1
*
;2

X
1*_5’%4

The first restriction that we find to this choice is that, if the thin lens
conditions we have assumed are to be obeyed, all the ions must have paraxial
paths upon leaving the probe, which means that the "angle of divergence" D they
make with the axis ought to be smaller than about 10 degrees. At first sight,
it appears that paraxial conditions can exist only for large values of 0, sinceitis
for these values that the magnification is smallest and therefore the beam is least

1’_.---- -
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diverging. However, for small values of B, y is very large as compared to x,
and, as the focal length of the second lens is always bigger than y, the increase
of y compensates for the increase of the magnification, so that we may still have
paraxial conditions for small values of R. For 3 = 0,04 and x =0,6 cm, if we
make the diameter of the exit hole of the ion source 0,8 mm, the divergence of
the beam will always be smaller than 2 degrees.

On the other hand, we have good reasons for choosing as small a value
for fi as possible. In fact, we have aready said that, as R decreases, the left
branch of the hyperbolas moves further to the right, so that the maximum value
of a for which a solution still exists increases. Let au,x be this value of a, which
corresponds to the point farthest to the right on the left branch. «wp,: is easily
found to be given by:

Egunation {(10):

The eorresponding value of ¥, which we shall call ", is:

FEquation {11):

, _ Gy + B

YE T

[t we talee g at its maxicum (which for us will he about 13 AV, em),
the point e,.,, corresponds to the minimum valoe that the extracting field V.7"x
may take il o selution is always to exist for all the values of the accelerating
field. M @ decrenses, oo, increnses, so, if we keap ¢ constantly at its maximum,
the mintnm of Ve deereases. We want 1his minimum to be as small as possible,
for two reasons: 1) beceatse this makes it posible to focus the beam with lewor
extracting potentinle, and therefore with lower heam intensity, than otherwise;
2) breause the smaller the minimum of the extracting field is, the larger range
of values it may take, snd this makes the vatues of all the paraneters less eritieal,
therefore permitting us to have & better and more aceurate eontrol over the wholo
Toeusing system,  For all these rensons we zee that we ought to ehoose the smudlest
possible value for @

But can we make 8 as small 25 we like? To begin with, this depends
an how large we ean make the total potential difference 1, + V. In our ease,
this potential difference will be given by a power supply, the maximum rating
of which is 60 kV. Clesrly this restriets the values that the foensing field V,/y
may take to a well<defined range. There is o definite maximum value for this
field and the bigger we make the distance y the smaller thin maximwn is. Now,
for mechanical resrons, as well ax the danger of arcing we cannot make the distance
z smaaller than about 0,6 em.  So, if @ is very smull, ¥ must be very large. This_
means that for very small values of 8 the maximum value that the focusing field
¥~y may take is also very small. Then, even i we take ¥,y at this meximum,
for the maximum value 13 KV/em of the aceelerating field the eonverging effeet
of the seeond lens will be very strong.  As a coneequence of this {act, it follows
that the extracting fiekl V,/z ecannot be made smaller than o certsin value,
otherwise it will make the diverging effect of the first lens so weak that the
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second lens is too strong for it shd gives a converging beam instead of a parallel
one inside the accelerating tube, For practieal reasons, then, 23 we make § smaller
and smaller, the minimum value that 3,/ may take increases.  Let (V7 #) 0 be

this value. Then, (Vf;/”';')“h = (lf,lk);/):: gives the greatest value of o which we

may use on a given curve, znd this value decreases with g,

So we se that there are two entirely different reasons why Vi/x has a
minimum, for a given value of 0. One of them is a theoretical reason: the fact
that there are no solutions on the left branch of each hyperbola for a > mp,,
the other is the practical reason we have just seen, which is due to the limited
range of our power supply. For very small 0, the practical limitation predominates
over the theoretical limitation and drastically restricts the range of variation of
Vi/x, sothat we again have the same incoveniences which we found for the case
of large values of R, where the theoretical limitation predominates over the
practical one.

If we do not want this limitation and at the same time want to choose
3 as small as possible, then there is a definite value of B that we must choose.
This is the value for which the theoretical minimum of Vy/x, coincides with the
practical minimum. In other words, for this value of (3, we can only attain
the point anx on the corresponding curve by making V; + V, equa to the
maximum voltage given by our power supply. It is the smallest value of
for which we may use all the solutions given by the curve, from the point
corresponding to the maximum intensity of the beam that the machine can handle
to the point corresponding to the minimum intensity of the beam for which a
solution still exists.

In order to calculate what this value of B is for our case, we take the
most unfavorable condition for the accelerating field, that is, g = 13 KV/cm,
and as we want to find the smallest possible B, we take the smallest possible
value for X, which as we said is 0,6 cm. The condition that V; + V, shall bo
equal to GO KV at the point an,.. then gives the following equation:

Equation (12):
(ﬁo _13x U,(i)ﬂ

_ Dmar
T = 130 x 6
-
where ¥ ix the value of v at the point oq,.
Using equations (10) and (11) to eliminate @, and v, we (ind an
eruation in @ which givex the value we are seeking,  “This is found to be
approximately 0,039. That is the reason for our choice of 8 = 0,4,
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DISCUSSION

J. MARSHALL: Will you bo able to vary the potentials on these focusing devices while the
machine is in operation and if so, how.

SALA: We can vary the whole range from zero to 60 kilo-volts.
J. MARSHALL: What do you use to adjust it?

SALA: We have a variac and then with strings or with a light beam we can adjust
voltages from outside the tank.

NUSSENZVEIG: Of course, the choice of Beta which we made gives a very wide range
of variation for the first extracting field and this as | pointed out has both the advantage that
we can focus lower intensity beams than otherwise and that all our measurements are less critical
than otherwise.

MEDINA: This is a theoretical question, considering that the value of Beta, this ratio
of x over y you have considered, is quite small and the distance from the focusing system to
the image is probably quite large. As far as your calculation is concerned it seems to me that
you have used what is called in optics a ssroth order calculation. Don't you think that
a consideration of second order effects could alter quite considerably your conclusions? In other
words, have you made an estimation of the second order effects for this particular system you
are proposing?

NUSSENZWEIO: No, | have not made it, because the whole of this work was an
approximation. Generally, people do not give much attention to the focusing system in Van
de Graaff generators and sometimes it is quite difficult to focus, so that even a very simple theory
as this one would be quite helpful, | think, considering that there are already several
approximations involved; as, for instance, the fact that the formula for the focal length is an
approximation: the conditions are not exactly the same since we have a space-charge-limited
beam here. We had not thought it worthwhile to consider further corrections. We think
that we shall see empirically what this will give before that.

VALLARTA: I t does not seem very safe under the circumstances in which you are working
to neglect the higher effects-of the second order and beyond — because of the limitations that
you have aready placed on your design. It might be that with such severe limitations as you
have here the higher order effects would be important because of the values that you have there.

MEDINA: | do not think it should be very hard to make an estimation of the order of
magnitude of the second order effects. | dare suggest that it probably should be done, before
taking any practical steps. Of course the final adjustment has to be made experimentally.

SMITH: | would like to ask Or. Medina a question. Do you mean by second order
effects, the effects arising from the fact that the rays are not truly paraxial?

MEDINA: No, what | mean by second order effects is the following. If you take an
eiconal for the whole system, and you can compute that very simply, in this particular esse,
T think, and you expand the eicona in powers of the parameters, then all terms coming from
the quadratic terms in the eicona give you second order corrections. All the effects you have
considered come only from the first term of the eiconal expansion. Now, the second term should
not be very hard to find in this case. The correction thus found might be serious. There
are at least 8 effects that may come into consideration.

SMITH: | am afraid space charge effects will be much more important than any optical
corrections.






The Circuit Function-a New Conospt in
Electrical Network Theory

(Preliminary Note)

B. GROSS
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A network can be represented in different ways. One representation
makes use of functions which give the response of the system to a particular
type of forcing, another gives the fundamental parameters, eg. the structure
of the network.

The response may be expressed by the steady state admittance or the
indicial admittance. The structure of the system, for circuits with lumped elements,
may be given by the parameters of the L-C admittance network of fig. | (which
is one of the 4 fundamental types of equivalent
circuits). Not all admittances, however,

correspond to systems with lumped parameters

when represented by such a network. An g

infinite ladder network with discrete elements < L4 L; Lo
Icn |Ca

shows d.e conductance and absorption. When
T e T

represented in the way shown in fig. 1 it will
lead to a structure* with continuosuly distributed
parameters. This suggests a generalization of
such a representation. A distribution function
of parameters will be introduced, the knowledge
of which gives directly the structure of a
circuit that corresponds to the given admittance.
We call this the circuit function. In consequence of its relation with the
structure of the circuit it is a structural function.

Fig. 1

I. DEFINITION OF THE CIRCUIT FUNCTION

Consider fig. 1. For the lumped system, the current produced by
application of a unit step voltage is given by
Ea, sn w i
with an amplitude
a, = 17w, L
and » frequenev

w, =1-"VL (.
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Admitting the possibility of continuous systems we shall have an amplitude
distribution function such that the amplitude corresponding to systems with
frequencies lying between w and w+ dw is given by

(12 o) =11/ L)

which for disecontinuvus systems degenerate into
1

{16} alw) = Zmﬁ(w—w,.)

where § is Dirac's Delta funetion.

The indicinl admittance A{) is now given as
(2) Al = f p () ain wi dw,

that is ax the Fourier transform of the eirenit function. Converely p{w0) may
be oblainod from A s an inverse Fourler transform.

II. STEADY STATE ADMITTANCE FROM INDICTAL ADMITTANCE

The current J{) produeed by an arbitrary voltage U} is given by
the principle of muperposition ns

3
) J(r)=f %A(;—f) dr.
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Fig. 2

Considering in particular a voltage
' U =

applied at { = — =, one has

() Jm=bj‘ﬂwmd4mm
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The current is proportional to the voltage. The factor of proportionality

6] Flg) = zj T A(r) dr
L
is n peneralized steady state admittance. For
f=iw+ta
one gets
{5 lim F{iw + a) = iF (iw) + [Real part]
ara

where F(iw) is the ordinary steady state admittance corresponding to application
of a sinusoidal voltage.

IIl. STEADY STATE ADMITTANCE FROM CIRCUIT FUNCTION

Substituting for A{7) in (5) its value {2) one gets

{7 Fiz = zf F drf #(8) sinsr s,

and changing the order of integration

() P =2 f p(s)ﬁ;jrh:.

Introtucing 2 = iw + a this gives

‘e . ) 5" — v’ 4 &) — i 2uo
)] f'(tw+rx)==(w‘-+a)f p(8) dss(sz —uwﬁ-f-a")z%-;iﬁaz'

For lim a—0, the [irst term gives a prineipal value, the second terin eontains
a Delta function. !t ean be shown that

. 2
O +‘:z‘;g+4w, = 78 - ) =

L

236(3 - w).

And therefore finally

(i iifol"(iw+a)=mf Pl g——ds + Zwolw) .

The in-guadrature component gives the ordinary steady state sdmittance

(12 Fiv) = iwf p(s)ﬁds

and the real component i equal to = w72 times the cireuit function. F(iw) here
appears aa an integral over the resonance denominators of the elementary series
systema,  For lumped systems the behaviour of these functions is shown in fig. 2,
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V. CIRCUIT FUNCTION FROM STEADY STATE ADMITTANCE
It follows now from (11) that
(s Xwaw) = Re[lim Fliw + aJ:I‘
2 o

This equation shows that for the sake of ohtaining the eirenit function, one has
to take the expression for the steady state admittance (Fz), substitute 2 by fw+a,
and celewlate the limit of the resulting expression for o—» (.

¥. APPLICATION: FINITE TRANSMISSION LINE

The stomdy state admittance of a Jossless transinission line of length ¢,
shorted ot the farwff end i given hy

(14) Fiz) = VO /L Clgh ()
where
(15) A=V 2,

Intréducing # = #w 4+ & and using 0 known theorem of the theory of hyperbolic
functions gives

Sink 2 VI a —{ vin Uw VIO

Cosh 2 VI o —con 2w VIO

{16) Clgh () =

Fxpansion for small values of o pgives
VIO« :
!:s;'n e \/.Ll'.']"' + [E VI a]z
sin 2w LO
1 — eos 2wy LO

an Fliw+a) = V7L

—IVO/L

Thus one has for the steady state admittance

{18) Pliw) = — 1\{% %
But
a9 tmG/L For ‘z:_(]fi‘b T VT T 8[sin wivIC)
- »VT/L dw — w,)
| 5 wl v Lt o,
where the w, are the roots of the equation
(20 ' sin w10 =0.
Thus
(21) w, = —2Z

IVIC
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Since

(22

%m WV LC w IVECcos wlVLC = IVIC,

L]

one hays finally

1
23) o) = Z?ﬁa(w —w).

The line is therefore equivalent to a system with lumped parameters. The
micial admittanee is

(24) A(t}z%i ! -sin L.

w, L

VI. GENERALIZATIONS

These formulae can be generalized:

a) The calculations were made with admittances. An entirely
analogous procedure is of course possible on the impedance side, giving a circuit
function that corresponds to the structure of another fundamental type of
equivalent circuit.

b) In the present paper purely reactive networks were considered.
The method however applies dso to R-L and R-C circuits.

¢) An important case is that of reactive networks with lossy elements.
Provided all coils have the same factor of merit, and all condensers the same loss
factor, this cae can aso be treated without much difficulty.

c) Use can be made of the relations that exist between inpedances and
admittances. It can then be shown that a very genera relation holds between
the 2 circuit functions, that for admittance system and that for impedance system.
With the help of this relation a series circuit can be transformed directly into its
equivalent parallel circuit, and conversely. Fig. 2 shows the scheme of relations
to which one is led in this way.

DISCUSSION

K. FRANZ: | should like to mention that a function similar to hut not identical with
Dr. Gross interesting circuit function has been applied to circuit theory by Caner in Germany
and Gonzalez Dominguez in the Argentine. The relation between the two functions is that
Caner's function is the, integral of Dr. Gross function and instead of the formula which gives
a relation between the impedance F(Z) and the circuit function P(S) there appears a Stieltjes
integral; the mathematical basis of it is a general formula demostrated for instance by Herglotz
which allows the representation of any positive function by a Stieltjes integral of this type.
Since impedances are positive functions, that is, functions regular in the right half plane and
with positive real part in it, this formulais valid for the general impedance, be it lumped or
distributed.

GROSS: | should perhaps mention that | have found it more easy to work with
5-functions than with Stieltjes integrals. Actually in the present case both treatments
probably would be more or less equivalent.

Fuoss: | hope that you are planning to continue the analysis, especialy for the RC
circuits, on account of their great value in studying dielectric systems. | imagine that is also
on your program.
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GROSS: Actually thisis one of the points which is on my program. We tried to make
similar treatments for general damped systems that would apply to dielectrics and to visco-elastic
bodies. The treatment of visco-elcsticity is more or less analogous.

KEGEL: You said that it seems to be possible to work with two parameters, let us
say LC, ItC and LR. Is there a possibility to apply this method to, let us say, lossy lines, where
we have very specified loss for each coil and each condenser ?

GROSS: Of course, it would be very interesting to obtain a generalization of the method
to systems in which each branch has at least three elements, R, C and L. But as far as | can
e it doesn't seem possible to treat this completely general case. | would not even be prepared
to assure that there is a unique answer in this general case. However, avery important particular
cae can be treated perfectly well and that is the case in which one has lossy elements, that
is losses in coils and losses in condensers, but in such a way that all coils have the same factor
of merit and all condensers have the same loss factor. This is the case | am working on now.
| may just point out how it can be treated. In consequence of the fact that all systems have
the same damping, the indicial admittance has now the form

A () -kl f p () ain 1ok dio

that is we get simply an additional factor ¢®. What we have now to do is try an inversion
of this equation. That, of course, is somewhat more complicated but it can aso be solved.
| could give equations very similar to those given to-day, but it would be to go too far to mention
them here. In any event they can be treated and the relations between the circuit functions
can be obtained.

FRANZ: | am quite convinced that the principal formulae of this theory are absolutely
general and by no means restricted to reactances. May be that the evaluations are more com-
plicated, but the formulae are still valid.

GROSS: | should be very glad to obtain the genera relations.



Multiplicador Electrdnico en Bae a Impulsos
Modulados en Duracidn y en Amplitud

ERICH FLATER Y KURT FRANZ

Instituto Radiotecnico, Universidad de Buenos Aires, Buenos Aires, Argentina

Nos hemos planteado €l problema de desarrollar y de estudiar circuitos
electronicos de funcionamiento equivalents a las operaciones matematicas funda-
mentals, con fines de obtener datos para el proyecto y la eonstruecicm de maquinas
de calculo del tipo analogia. Mientras que las operaciones lineales como la adieion
o la integracion, la sustraccion o la diferenciacion admiten realizaciones por medio
de dispositivos que contienen unas pocas valvulas, las operaciones nolineales
como la multiplieacion exigen circuitos algo mas complicados. En esta comu-
nieacion prcsentamos un multiplicador con 15 valvulas que efectiia mil multi-
plicaciones por segundo con una precisién del uno por ciento. Los dos factores
del producto a evaluar, representados por dos tensiones independientes de entrada,
pueden variar entre un pequcno valor positivo y una eota superior del mismo
signo. Conviene combinar un multiplicador de este tipo sobre todo con aquellos
equipos como los radares, que suministran los datos de entrada del calculo ya
en forma de impulsos, aim que no sea necesario utilizar el dispositivo en tal con-

junto.
IE: ]ﬂ':;
Tnlo] TT mum]_w Bl J_Lﬂ_ imm

cantval o S ¥ limstador fon st
A |
0n M|, 1Y o NN ey
_ |
Fig. 1

El circuito estudiado genera mil impulsos rectangulares por segundo,
cuya duracion es proporcional a una de dos tensiones independientes de entrada
y cuya amplitud es proporcional a la otra tensidn de entrada. Por lo tanto la
carga correspondiente a tal impulso es proporcional al producto de las dos ten-
siones de entrada.  Acumulando la carga en un capacitor, se obtiene en sus bornes
una tensién, cuyo valor a final de cada impulso es proporcional a producto de
las dos tensiones de entrada. Durante un breve intervalo de tiempo mante-
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nemos esto valor de la tensicm, representative del resultado del calculo, y lo repro-
ducimos en la salida del equipo. Antes de generar un impulso nuevo, borramos
el resultado, descargando €l capacitor. Queda asi €l circuito en condiciones de
efectuar otra multiplicacion independiente.

Fig. 2

En la bibliografia acecsible a los autores se ha publicado €l circuito de
un multiplicador con 8 valvulas que rectifica impulsos modulados en duracion
y en amplitud, formando aff un promedio sob re muchos impulses, mientras que
nuestro dispositivo realiza una multiplicacion independiente por impulso
(GREENWOOD, HOLDAM & MACRAE). Recien aparecio otra publication
sobre un multiplicador en base a impulses, el que electua 400 multiplicaciones
por segundo con la precision del uno por ciento por medio de 12 valvulas (Proc.
Inst. Had. Kng., 1952). Piste dispositivo utiliza la desearga exponencia en cir-
cuitos RC, Haves eleetronicas y eomparadores de amplitudes. Mencionamos
finalmente la multiplicacion por medio de coincidencia de series de impulsos
(CHANCE et a).

A continuation exponemos la estructura general de nuestro circuito.
ilustrada por el grafico 1. Se llama reloj central a un dispositivo cuya funcion
es determinar el ritmo de las operaciones de una maquina de calculo. El nuestro
genera una serie de impulsos breves negativos con la frecuencia de mil por segundo,
los Ilamadcs triggeres, que sirven para arrancar un circuito fantastron. El fan-
tastron monoestable reacciona al trigger produciendo otro impulso, cuya duracion
es proporcional a la tension aplicada a borne de entrada E; Realizamos asi
la requerida modulation de duracion. Siendo norectangular el impulso del
fantastron, se lo amplifica y lo corta en un nivel, dado por la segunda tensitin
de entrada aplicada a borne E,. Resultan puds impulses rectangulares modu-
lados en duraeitfn y en amplitud; falta integrarlos. Al impulso rectangular apli-
cado al integrador, corresponde en la salida del mismo un descenso lineal de tension
cuyo valor a final del impulso es proporcional a su area Este valor final de
la tension representa el resultado del calculo y se mantiene durante cierto tiempo.
La conservation de la tension la efectua el circuito de desbloqueo, permitiendo-
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al integrador trabajar como tal, mientras que existe o el impulso del fantastrtfn
0 el impulso generado por un multivibrador monoestable, al cua arranca el salto
de tension a final del impulso del fantastron. En ausencia de estos dos impulsos
el integrador se bloquea, restableciendose rapidamente su tensirtn inieial, que
representa el resultado cero. El circuito queda asl en oondiciones de efectuar
otra multiplicaeion independiente. El resultado del ealculo se conserva en la
salida del integrador mientras que existe el impulso de duracirfn fija, y en el mismo
intervalo se conecta al integrador la salida definitiva S del equipo por medio de
una Have electronica. El resultado esta puds disponible en forma de urn impulso
rectangular de tension durante cierta parte fiia del ciclo total de una operacion
tle la mdiqguina,

Reloj Central

(Multivibrudor astable).

1. — Hejn
N
Fig. 3
/ E.
2~ Plaea corresponddiente
A - Balidla
i N Fig. 4
1. — Trigger e

El esquema completo de nuestro multiplicador electronico esta repro-
ducido en el grafico 2. Nos contentamos con una exposicum breve de su funcio-
namiento, refiriendonos para informacirin mas detallada a la bibliografia exce-
lente (CHANCE et 4l.).

El reloj central se compone de un multivibrador astable con dobletriodo
V,, del circuito diferenciador Rg,C3y del doblediodo V,. El multivibrador astable
genera en las placas de V° una onda cuadrada de mil ciclos con saltos negatives
de tension bien definidos, cuya diferenciacitin en Rs C; da picos positivos y nega
tives de tension. El doblediodo V, elimina los picos positivos, llegan asi a fan-
tastrtfn triggeres negativos con frecuencia igual a la de la onda cuadrada. En
las fotograffas 3 y 4 se ven la onda cuadrada en la placa de V; y los triggeres en
un borne de Ca.

El modulador de duracidn, un fantastron monoestable con acoplamiento
catodico, compreende la valvula mezcladora (pentagrid-converter) V, y el doble-
triodo V3. En ausencia de los triggeres el fantastron toma su equilibrio estable
con corriente en la primera reja, mucha corriente de pantallay potencial suficiente
de catodo para bloquear la corriente de placa. Al aplicar el trigger negativo
alarejade V, atravel de lasegunda mitad de V3 y del capacitor C,4, se desbloquea
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la corriente de placay V4 empieza a funcionar como integrador Miller, o sea como
amplificador lineal con realimentacu'm negativa por C,; aumenta el potencial
de rejay disminuye el de la placade V4 en un descenso lineal hasta que se invierte
la fase entre la tension de reja y la corriente de placa y se transforma con e
la realimentacion negativa en positiva. En el mismo instante la valvula V4
vuelve asu equilibrio con un salto, posibilitado por larecarga rapida de C, atravds
de V3, V4 ¥y Ry. El descenso lineal de la tension de la placa V4 empieza con un
valor dado por la tension del borne E; y proportional aella. Latension minima
y la velocidad del descenso no dependen de la tension E; La duracion del im-
pulso, generado por el fantastron, es puds proporcional a la tension de entrada
E; En las fotograffas 5, 6, 7 y 8 se ven las tensiones de placa, reja, catodo y
pantalln de V.

Circuito fantastrin,

1. — Plaea — Iig. &
2 — Meis _ e
3. — Célodo _ — Fig. 7
4, — Pantalla - — Fig. 8

En la placa del pentodo Vs aparecen los impulsos negativos del catodo
de V, fuertemente amplificados, do valor maximo limitado por el primer diodo
Ve. En el seguidor eatodico con V5 se limitatambien el valor minimo de los im-
pulsos en un nivel proportional a la tension del borne E,. llesultan asi los im-
pulsos rectangulares modulados en duration y en amplitud que se ven en la ioto-
grafia 9. Despues de una inversion de fase en el amplificador lineal con doble-
triodo Vg y rcalimentacio’n negativa por el resistor Ry se aplica los impulsos a
un integrador Miller.

El integrador junto con el circuito de desbloqueo esta compuesto del
pentodo V34, de la segunda mi tad de Vs, del doblcdiodo Vg y de la primera mitad
de V4. Los impulsos rectangulares de signo positivo reaparecen en presentation
fiel en el borne del capacitor Cs conectado a doblcdiodo Vg. La funcion del
doblcdiodo Vg en ausencia es mantener el potential de Cs igual a cero y desconectar
Cs del resistor Ry, conduciendo la segunda mitad de Vg y bloqueandose la primera.
Al llegar un impulso positivo, la situacion se invierte, y se carga el capacitor Cg
atraves del resistor Ry. Antes de que ilega un impulso en Cs, la placa de Vi
toma un potential elevado y la reja un potencial bajo, por conducir la primera
mitad de V4. Al llegar un impulso en Cs, se bloquea simultaneamente V4,
como veremos mas adelante, y el integrador puede trabajar como tab La tension
de Fj disminuye en descenso lineal. La funcion de Vi €s mantener casi eons
tante el potencial del borne de Cs conectado a su reja, mientras que el otro borne
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varia .4=200 veces mas, siendo A la amplification del pentodo. Se obtiene
asi una corriente constante de carga, mientras que existc el impulso rectangular
de entrada, a pesar de la variaeion fuerte do la tension entre los homes de Cg.
Las tensitfnes da placa y de reja de Vo so ven en las fotografias 10 y 11.

Cireuito integrador,

L. -~ Impwlsca de cotrada mo- — Mg, 0
dulades en duracién y ampli-
tud,

2. — Vlaen del intogrdor Miller, — Fig. it

3. — Reja b inkegrasor Miller, — Fig. 12
4. — Chtmlo del dioshs borrsler — Fig. 12
5. — Balide del rouipo,

+—— Fig, 13

Al terminal* el impulso de entrada, la carga de Cs queda constante por
quedar bloqueada Vi, durante un intervalo determinado por el multivibrador
monoestablo con doble triodo V3. Dicha valvula genera un impulso de duracion
fija, arrancado por el salto negativo al final del impulso posilivo que se obtiene
en la pantalla del fantastron F,. Eslafuncion de Cy4, Rys y de la sogunda niitad
de Vi, producir el correspondiente trigger negativo. El impulso positivo de
la placa de Vi3 (resistor Rgg) se. ve en la fotograffa 14. Al terminar este impulso,
vuelve a conducir la primeramitad de Vi, y se borra el resultado de la integracion
a causa de la descarga rapida del capacitor Cg por Ve, V14 Y R Todas las vari-
aciones de la tension de placa y de reja de Vo que acabamos de exponer, se ven
en las fotografias 10 y 11, como tambien en la fotograffa 12 la tension de des-
blogueo en cl resistor Ry. Es la funcion del seguidor catodico con dobletriodo
Vs reunir los dos impulsos de desbloqueo en Ry sin cargar y sin mutual mente
acoplar las dos valvulas V4, y Vis.

La Have electnfaica con dobletriodo Vi; reproduce la tension del inte-
grador en el borne de salida S mientras que existc el impulso de duracion fija del
multivibrador monoestablo V3, aplicado a una reja de V4, despuds de una ampli-
ficacitfn y inversion de fase en el pentodo Vi,. Resultan pues en S los impulsos
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rectangulares dc duracion fija, cuya amplitud y area son proportionates al producto
de las dos tensiones aplieadas a los bonus E; y E, (Fotografia 13).

Multivilrardsr Monocstable

1. — Placa libwe,

: = Rejn  corrcspondicnte n I

plaga tibre. . Tig. 14

3, — Plaen s ln mated anplifiyg-
dorn del dobletrioo,

4. — Cdtodo romudn.

Para controlar la precision que puede roaizarsa por medio de uri circuito
del tipo analisado, hemos aplicado a mismo tensionas de entrada que se han
obtenido por medio de una division de tension en buenas decadas de resistencias
y hemos tornado lecturaa de la amplitud de la tension del integrador en la pantalla
de un oscilosctfpio. En el grafico 15 reproducimos dichas lecturas; la abscissa
mide la tension E; 0 E; en Volts, la ordenada mide la deflexion en la pantalla del
osciloscopio 0 sea e resultado de la multiplicacion. Las rcctas que se cortan
en E=130,3 V corresponden a la modulation variable de amplitud, las otras
a modulation variable de duration. Se constata que la precision de una lectura
es del orden del uno por ciento de la amplitud maxima utilizable.
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Conviene agregar algunas observaciones sobre modificaciones posibles
del circuito. Para convertilo en un circuito divisor, podemos generar un impulso
rectangular con amplitud proporcional a una tension de entrada. Terminamos
el impulso en el instante en el cual an integral sobrepasa un valor dado por otra
tension de entrada. La duracion del impulso representa puds el result ado de
la division. Es facil obtener una tension de salida proporcional a la duracion
del impulso. Este dispositivo tiene la ventaja de no trabajar con realimentacion
negativa en regimen lineal; podemos puds prescindir de precauciones contra
autooscilaciones.

Para calcular raices cuadradas, podemos generar un impulso de amplitud
fija que integramos dos veces. Terminando el impulso en el instante en el cual
el resultado de la integracion repetida sobrepasa un valor dado por una tension
de entrada, la duracion del impulso es proporcional alaraiz cuadrada de la tension
de entrada.
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Applications of the " Polyanalyser”

P. RIBEIRO DE ARRUDA

Universidade de Sao Paulo, Sao Paulo, SP., Brazl

The apparatus named "Polyanalyser" by the author is a mechanical
synchronous switch, and a selector and combinator circuit, for use with normal
cathode ray oscilloscope for the simultaneous study of three electrical phenomena.

The range of frequencies used with this apparatusis 50 to 10000 cycles/seg,
tensions between 1 to 500 volts, and currents between 0.01 to 5 amperes.

The selector and combinator circuits permit the use of the apparatus
to obtain Lissgjous figures or eyclograms, with the respective axis. By this
way any desired bipole, in the range of tensions, currents and frequencies indicated,
may be studied by the normal oscilogram V = f (1) and | =f (t), or by the cyclogram
/ = f (V), which gives the dynamic characteristic of the bipole.

Cyclograms may be obtained with a sinusoidal and a direct d.p. applied
to a system like a vacuum tube (between grid and cathode) and the resultant
plate current, giving the |, = f (V,) characteristic of the vacuum tube. Applying
a rectified tension between plate and cathode and simultaneouly and the
corresponding plate current, registering the characteristic 1, = / (V) may be
obtained.

By changing the variables of the system, all the characteristics and
the axis may be taken by the polyanalyser and cathode ray oscilloscope.

The possibilities of the apparatus will be demonstrated in various types
of bipoles and vacuum tubes -characteristics.

DISCUSSION

POMPEIA: Professor Arruda, e possivel registrar maior niimero de fenomenos com sen
sistema?

ARRUDA: Quando e necessario registrar-se maior numero de fenomenos, podem-se
empregar dois polianalisadores e uma ehave de comutacao de um para outro. Assim podem
ser vistos facilmente e fenomenos e ja temos tido oportunidade do trabalhar nessas condicdes.

A menor frequéncia e o ndmero de 3 fenomenos foi determinado pelas frequencias
industriais 50 ou 60 ciclos/segundo. A 60 ciclos/seg, cada fenomeno 6 ligado durante 1/50
segundo, com um tempo de interrupyao do 2/450 segundo. Nessas condicdes, pode ser
registrado pouco mais de um ciclo na frequencia de 60 ciclos/scg., cm cada tempo de contato






An Electrolytic Tank for the Study of Circuits and Fields

Luiz DE QUEIROZ ORSINI AND RU I CAMARGO VIEIRA

Departamento de Fisica, Escola Poliltenica,
Universidade de Sao Paulo, Sao Paulo, SP., Brasil

SUMMARY

A bi-dimonsional electrolytic tenk is described; a double-sheet tank has been
cmployend, avoiding corrections duo to boundary effects, as it has been suggested by
Boothroyd, Cherry and Makar. The tank serves a double purpose: bi-dimensiona field
mapping and analogical circuit computation. Special attention has been given to the
techniques of location of polynomial roots, eg., roots doterminantal equations of networks.

I. INTRODUCTION

The electrolytic tank has been widely employed to map bi-dimensional
fields. Attention has been called, more recently (HANSEN & LUNDSTROM, 1945;
BOOTHROYD, CHERRY & MAKAR, 1949), to the utilization of the electrolytic
tank by means of bi-dimensional field analogies in both the analysis and synthesis
of networks.

BOOTHROYD, CHERRY & MAKAR
(1949) have studied extensively this parti- ’I_E——.——-—;:-—‘:=_l__1‘
cular application of electrolytic tanks. The lj_
same authors introduced the double-sheet
tank, having thus greatly reduced boundarv-
-effect corrections; they have also determined the best kind of electrolyte for
increasing the precision of potential differences measurements between points of the
solution. With all these improvements the electrolytic tank has proved a valuable
tool to the study of network responses, both in transient and steady state.

We have constructed an electrolytic tank of the mentioned type, which
will be described further. As its application to the study of circuits has already
been described in detail, we shall discuss here only on the methods for locating
the roots of polynomials.

Fig. 1

1. DESCRIPTION OF THE TANK AND AUXILIARY CIRCUITS

1. The Electrolytic Tank. The bottom of the tank is made of a
circular glass plate, with 50,5 cm diameter. Over the periphery of
this disc a plywood ring is fixed, impervious-made by immersion in paraffin.
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The ring's internal diameter is about 50 em and its height 3 cm. In order to
simplify the local ion of points in the tank, a sheet of graph paper is placed under
its bottom.

The electrolytic solution is made of copper sulphate in distilled water
(about 6 g/1). The solution is divided into two parts by a circular plate 49 cm
diameter and 3 mm wide. This plate
is supported 3 mm over the bottom by
three insulated blocks (fig. 1). The
two sheets of electrolyte have the same
width. On the bottom's center there
is a cylindrical electrode intended to
represent the point at infinity
(BOOTHROYD, CHERRY MAKAR, 1949).

The tank is disposed on a
table with a pantographie system. In
fig. 2 the tank and its auxiliary
equipment are depicted.

2. The Auxiliary Circuits. The auxiliary circuits are composed of:
a) a generator of oscillations (550 c¢/s) which furnishes the currents to feed the
electrodes, and a switching panel which allows any electrode being connected to
any side of the generator's push-pull output transformer; b) a differencial
voltmeter intended to measure potential differences between points of the field.

a) Current Generator. In studying networks or locating roots of
polynomials, determined currents must enter or leave the electrolyte sheet by
thin cylindrical electrodes placed at convenient points. Furthermore, to avoid
polarization and electrolysis effects the currents must be alternative. 550 c/s
alternating current has been employed and seems to be a good compromise.

The oscillation is generated by a phase-shift oscillator and then amplified
by a power amplifier, both fed by astabilized power supply (fig. 3). The push-pull
output transformer of the power amplifier feeds into a switching board where ten
electrodes can be connected on any side of the output transformer by means of
switches. The center tap of this transformer is permanently connected to the
ground and to the central electrode in the tank's lower sheet.

The current in each electrode can be measured inserting a miliameter
by douple-pole, double-throw switches. When the miliameter is disconnected
from a particular electrode, an offset resistance is switched on (fig. 3).

The currents can be regulated
by 50,000 ohms potentiometers in series
with each electrode.

fr) Differential Amplifier. The
measuring circuit must perform two
functions: zero detection for the plotting
of equipotentials and measurement of
potential differences between two points of the field, none of which is at the
ground potential. In this case a differential voltmeter is needed. The circuit
employed is shown in fig. 4.

Fig. 2

Fig. 3
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In the first stage there is a differential amplifier with a constant current
pentode inserted in the cathode of the triode amplifier ensuring better insensibility
against common potential variations
(VALLEY & WALLMAN, 1948). This stage
is followed by two frequency-selective
amplifiers symmetrically disposed. The
output of the selective amplifiers is
measured by a high internal resistance
multiplescale A. C. voltmeter. When
relatively high potential differences are
to be measured this voltmeter can be
switched on the output of the
first stage of amplification. With it,
potential differences ranging from 1 millivolt to about 1 volt can be
measured.

Fig, 4

The selective amplifiers
employ feedback through a twin T
network; if the twin T is conveniently
unbalanced the band-pass and gain of
the amplifier can be adjusted (ORSINI,
1949).

In order to measure the
potential gradient in points of the
field a double probe is employed,
coupled to the input of the voltmeter
through a high impedance transformer
(fig. 5).

Fig. 3

I1l. LOCATION OF THE ROOTS OF POLYNOMIALS

The determination of polynomial zeroes with the electrolytic tank
is based on an analogy due to LUCAS (1888). This analogy is established as
follows:

Suppose the polynomial
P =ar+ar’+. . toiptea=0 @
be given, with a; constant, resl coefficients,
Now, forming an arhitrary poiynominl of degree n -+ 1 with only single
real roots, distinet from those of fip):
i@ =@ -a)p—a) ... (p~ o) @

the rationzl funection

. 1w
F = 3
(v pres @
which has the same zeroes as f(p) can bhe decomposed in partial fractions

rt! ¥
HORIE I *

-
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Now, as BOOTHROYD, CHERRY & MAKAR (1949) have shown, the
double-sheet electrolytic tank can represent all the complex plane, the origin being
coincident with the center of the upper sheet.. Suppose currents v; are introduced
in this upper sheet through thin cylindrical electrodes disposed on the real axis
at the points (a;, 0). The modulus of the field intensity at any point p = a + jw
of the plane is given by

Y a1
Bl =k 2 - (5)

P

The analogy between (4) and (5) is obvious. Evidently the zeroes

+
of | E| will be zeroes of F(p) and also of f(p). So, in order to locate the roots
of a polynomial, once formed the corresponding field, we must only search in

thetank for thepointsp; for which IE[ = 0; the coordinates of these points will
be the roots of j(p).

The double probe, already referred to, could be employed in the search
for the zero-field points, as BOOTHROYD, CHERRY & MAKAR (1949) have suggested.
But it was found more convenient to plot the equipotentials of the field; the
zero-field points can then be located by the intersection of equipotentials
(JEANS, 1927).

In the practice, before establishing the field (5) in the tank, a convenient
scale has to be found so that all zeroes of f(p) are located in the upper sheet of
the electrolyte. This corresponds to find an upper restriction to the root moduli
of (1). Two simple criteria can be employed at this first stage (WILLERS, 1948;
BREVES F°, 1940).

e} ho roots can be loeated outside a circle of radius
poltamt . +a) (%ﬂ)
[
&) the roots of J{p) are not greater than the greatest of the numbers;

& Gy

+|,’ﬂ‘ +1,...
ay

+1

Now the numbers fixed by the criteria above are usually very high, so
the scale may be too small. But from this first representation of the field we
can find a better restriction. In fact, it can easily be seen that

c) no zero-field points can lie outside an equipotential that involves
all electrodes without intersecting itself.

Therefore, when such an equipotential has been plotted a new scale
can be chosen; the field is then plotted in detail and the points corresponding
to the roots can be found. Sometimes a third scae must be chosen, for instance
to discriminate two roots located one close to the other. In this case of course
only some parts of the field have to be plotted again.

Example — Consider the equation
J@) =p'~3p" ~3p°+61p— 156 =
~-p-9[r-C+in]-2-9)]
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Choosing

gle)=ple—10)(p - 8) (p+ 10) (p +5)
it follows(%) ' '

v = — 0,0625
vy = — 0,085
vy = — 0,1240

vy = + 04770 and »; + = 0,790
For representing this field five electrodes
are placed at the points a, introducing
the currents v;; the map of equipotentials
obtained isshown at fig. 6 from which we
get the approximate values of the roots:

» =32 m=24+
pp = -- 39 P12 — 7,

These values can now be used
as a start point for the determination
of more accurates ones by the usual
methods in Numerical Calculus.

Fig, &

IV. APPLICATION TO THE DETERMINATION OF NETWORK STABILITY

It is known that the stability of a network can be verified by means
of its determinantal equation if the roots of this equation are in the left hand

of the complex plane the network is stable.

The determinantal equation can be represented in the electrolytic tank
by the analogy indicated above and its roots can easily be located. Moreover,
by this procedure we can ascertain without great difficulty the effects that changes
in some parameters of the network may have upon its stability.
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DISCUSSION

HEPP: With the small depth of the liquid does not the capillar elevation of the liquid
at the electrodes introduce considerable errors?

CAMARGO: We have found the depth of the liquid is sufficient in our case, for there
are no sensible modifications in the measurements from a certain point down.

HEPP: Would it not be better instead of using a stabilized tension and a calibrated
voltmeter only to use a potentiometer and a zero-detector ? In this case the absolute voltage does
not come in and the error in the calibration of a potentiometer can be made extremely small.

ORSINI: When locating the roots of the polynomial the variations in currents are all
proportional and do not introduce errors in the determination of the roots. The use of
potentiometers would complicate the circuitry.

HEPP: Whenever a calibrated voltmeter is used the absolute value of the tension is
of course important. The use of a potentiometer short-circuits all the difficulties in stabilization
and calibration. With the small depth of the liquid I assume that it is very important to maintain
a perfect horizontal position of the tank ?

ORSINI:  Yes, of course. But we checked horizontally plotting a known field, for
instance;, an electrode in the center and checking the symmetry.

GOLDEMBERG: Qual o diametro dos eletrodos usados? Observei que, sendo grande o
diametro dos eletrodos, Mes perturbam o campo que se deseja estudar.

CAMARGO: Conheco o fato, mas os eletrodos que usamos eram suficientemente finos
para nao perturbarem sensfvelmente o campo. Eram do cobre ¢ tinham diametro de 0,5 mm.

WIGNER: What choice of the second polynominal gives the best results? Do you try
to choose them close or far from the roots of the first one?

CAMARGO: Capilarity thickness of electrodes arc limiting factors for this.

ORSINI: There are yet mechanical difficulties to plotting the field very near the
electrodes.

FRANZ: If some or, were roots of the equation the corresponding v, would vanish:
if some roots were nearly coincident the Y, too would be small, the corresponding electrode would
be excited by a very small tension. Answering Dr. Wigner's question I would think it is
preferable not to make coincide the roots for better evaluation of the field.

ORSINI: The most favorable case is that in which the real roots are between the
electrodes, Mr. Camargo has been charged to organize tables to compute the V, for chosen

ai. If these o, were not convenient we could change them and obtain the Vi with a little more
computation.

KIMBARK: An alternative to an electrolytic tank is a sheet of material of high resistivity,
such as a sheet of typewriter carbon paper. This is free from polarization effects and permits
the use of a direct current source and indicator. Have the authors considered the use of such
material ?

ORSINI: In first place, it is not easy to find here a very homogeneous material, in

second place, probably for each field one sheet would be needed because it would be difficult
to work without scratching the paper.



On the Representation of Orthogonal Polynomials by
Trangmission Lines (*)

(Preliminary note)

GUNTER KEGEL

Ingtituto  National de Tecnologia, Rio de Janeiro, D.F., Brasil

In the present communication we want to show the possibility of representing
families of orthogonal polynomials by discrete element transmission lines. The methods
developed might be useful for the construction of certain eletric calculating machines.

1. A THEOREM ON POLYNOMIALS

We frequently need the following thearem: If { I/, (r)} is a set of functions
satisfying the equations

Ut) = (a2 + b)) U (2) = e, Up_; (2}
for h+22n2k
then ¥/, {x) might always he written as

Uy (2) = § (@) pu(2) + g (2) 0. (2}
where p,(x) and q.{r) nre defined by the equations:
pofr) = 1
@) =—ax+b
P =~z +b)pa-t (@) —apz(x) for n22
q0(®) = 0
g () =1
@) = (~ar+b)g1(®) —cgusl® for n2=2

€ U SF 4 CoT Yoy T z

L | l

Fig. 1, The structyre of the line,
(") Supported by the Conselho Nacional de P
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The proof of this theorem will be omitted. Evidently the p, (x) and
gn(X) are polynomials of precise order n and n — 1 respectively; they play an
important role in the theory of continued fractions, for the approximants of
certain continued fractions are given by p, (X)/dn (X)

1. THE TRANSMISSION LINE WITH LUMPED ELEMENTS

Let us now consider a transmission line formed by discrete elements
which has the structure shown in fig. 1. We have the following relation:

U (‘*’) =F (“’)

L.\, L,
U, {w) = (1 — WL, Oy ——) ooy () — —2 Uyp (w)
La—l Ln-—l

F4 (r.o)

tw Lx -+ Z (w) {].ﬁ—l (W)

Uk (m) =

These equstions sre obieined applying the mesh- and nodal-equations
and are valid but fur the steady-state. If we now eall

ﬂ: = Ln Cu-l

bn=1+_,li'_

Lﬂ-l

L.,

T
+n (’n-—l

% Ll Co

t, =

with arbitrary €5 and
=L, 0,4
we get
Up(w) = (= oy o + 5.} Vuey (0) — ¢ Uy 1 (@)
for 2<n <k
and the solution s giver by
uy (@) = 1 (@) 2, () + g () ¢, (&)

where

(1 + "z“'(ﬁ’)‘ px (&) — pr-1 (o)
(1+555) o () = 90t D)

(We wrote p, (0*) and g, (%) rather thaun p, (L; €y o°) and ¢, (L, €, &%)

¢ (@) = E(o) g{w) = — Ea)
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IIl. REPRESENTATION _OF POLINOMIALS BY MEANS
OF THE TRANSMISSION LINE

The result obtained shows that the line can be used for generating
polynomials related by three member recurrence formulae of the type discussed.
In order to show this more precisely let us suppose that we are interested in getting
a line furnishing the polynomials defined by:

Py(z} = 4,
Pl(x) = (Al -+ BI)PU(x)
Pn(x} = (Aﬁ * + Bn) Pu—l (z) - Cn P,,_.z(‘.':)
for n2>2

In general we must carry out a transformation substituting x by 2 — a such that
all zeroes of the P, (z) oecur for z 0. Also it will benec essary to introduce the
polynomials g, (2} which ure given by

_P
. (2) —m ;

80 we gel
Po (z) =1
@ =—mzth
pafe) = (=0, 2+ b)) par (@ — € ez (2)

and in thiy equation the a,, by, ¢, are
positive numbers, 1t is now an easy
task to calewlate the values of the coils
and of the condensers. We pet from
the eguations given above:

itude

Am

a, Cy Tirme

n Fig. 2. The amplitude of the tension
.H & applivd to the line.

the tensions of the nodal points of the line are
Uy () = 1 (@) pa (") + g (0} g, (")

Bince we are interested in the p,{w") only one could try to somove the second
term, This can be done making ¢ {w) equal to goro whick calls for & Z {w) given by:

z (w) - Twleg P (@2)
px-1 (&) — pi (o)
This cxpression, however, is very complicated and for this reason the case g(w)=0
is of no practical interest.
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Another possibility is to make g(w) an imaginary quantity, so that the
two terms composing the tension U,(w) are in quadrature. This might be done by
choosing a convenient Z.  In this case we can separate the p, (of) from the g, (W)
rectifying the tension Uyw) with a suitable phase- sensible rectifier.

IV. EVALUATION OF ERROR

In practical application it is important to know the error produced by
imperfect condensers and coils. If, for example, the elements composing the
line have not exactly the prescribed value we would not get the desired tensions.
The following calculation gives in first approximation the error on the tensions
as a function of the deviation of the line elements from the required value.

We will first assume that all elements have the right dimensions but
that one of the condensers, say (), hag un adwittanee {w ;4 A B, instend of {w ().
Ax o conseynence of this fact we would expect that all tensions are changed by
Au, and we want to caleylate these changes. Assmuning that products of deltas
might be neglected we pet:

AU, = I 0 0 () 8 1y
it w<y
ay, = — 2B liey oy G o () AR,
n E (w) Lj i) L] x) £l
if n>j

In the same way one can caleulate the effect of o coil having an impedance of
of fwl; 4+ AS; rather than fwl;, in this eise we get:

Ll

I T ; — . 2 m? 3
At =T, L;-_lg(w)w:(”) Ui @ g () 88
it n<j
- L n . .
All, = Tl i BE(@ Un(@)i?:’(@) 9;—1((9)} {Uj(u) I—j-l("’)}&sj
it n2j

We sec that AU, iz always limited.

It is clear that from the expressions given above one can calculate the
total variation of the tensions U, if all elements show deviation from the
prescribed values.  This enables us to predict the error if we know the tolerances
of the elements composing the line. We call attention for the fact that AR
and AS might be complex quantities thus taking into account losses of coils or
condensers.

V. LINE WITH LOSSY ELEMENTS

The case of lossy elements constituting the line offers a serious difficulty,
for in general it is not possible to reduce the losses to extremely low values. |f
however the losses are such that I, e + fw) and €, {a; + fw} represent in good
approximation the impedances of the coils and the admittances of the condensers
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respectively and if a, and a, are the same for all coils and condensers then there
is a possibility to render these losses ineffective

Let us suppose that the determination of the elements of a certain line
has been carried out, assuming lossless elements. Let us construct the same
line using lossy coils and condensers, whose losses are of the type mentioned above.
Finally let the line be determined by an impedance F_f(w) whose characteristic is
such that

Z({@) = Z(w)
where Z (w) represent;vs the terminating impedance of the perfect line and
i =Vin +iw) (o +1w) = o + i
In this case we would fird the following tensions on the line
V(o) = 2.0 + 9 0. &)

This suggests the question whether an input tension of the eomplex frequeney
(2w~ o) — o would give a response of the form:

U, (w) = B p,(o*) = g,

Really this occurs ns obe sees caleulating the response of the eircuit to complex
{requencies by means of the Fourier transform. The tensiona of complex we
are dealing with here are of the form

catt iw
E=Eueale|wl

where the time constant a is positive so that it corresponds to a damped oscillation.
As the damped oscillation decreases with time it will be necessary to apply at
the input a wave of the amplitude shown in figure 11.

At the instances where the jump occurs a transient travelling down
the line is produced. This transient may be calculated by the Fourier transform,
and care must be taken not to use the outputs of the line before the transient
has reduced to sufficiently low values. This might be done by an amplifier
switched to the output of the line and which is blocked during a certain time
after the transient occurred.

VI. EXAMPLE

We mentioned at the beginning that the line might be used for the
construction of certain electric calculating machines. As an example we show
the possibility of calculating series of the form

K
S=Ix i (2)

by means of the line. We need in this case a line furnishing the polynomials
p(x). Then we take from each nodal point a certain fraction of the tension
Ui getting h; Ui. These tensions must be summed up, which might be done, f.i., by
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an electronic circuit like the Rossi-circuit. Finally we must rectify this sum of
tensions in order to get rid of the term which contains the g, {&). Thisrectified
tension is then proportional to S, and the variation of the input frequency cor-
responds to the variation of x, on which depends S

DISCUSSION

GROSS: ISt possible to find the coefficients of a Fourier series development ?

KEGEL: Yes, itis. Onecan construct aline which furnishes Tchebycheff's polynomials
and Tchebycheff's functions of the second kind. One gets these polynomials and functions
substituting  z w cga § getting

Uy, = cod (0 ere coaz)
7. = zin {n arc ¢oss)
Now we can make the imput tension of the ine cqual to f(z)w (z) where Fiz} is the function
to be developed amd »(z) ia the weight function, The tensicns at the nodal peints are then
Pyix) f(2) wim)

and it is now necessary to integrate this expression over the interval of orthogonality; this is
easier with the use of the line.



Application of the Routh-Hurwitz Criterion to Self-Oscillators
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Departamento de Fisica, Escola Politecnica da
Universidade de Sao Paulo, Sao Paulo, S.P., Brasil

SUMMARY

The application of Routh-Hurwitz's criterion to the study of the stability of
networks is well known; nevertheless, this criterion has been only scarcely employed.
In this paper is considered its application to negative-grid self-oscillators.

I. INTRODUCTION

Many self oscillating circuits can be represented by the general scheme
of fig. 1. If we suppose that the network is linear, what is possible since here we

are concerned only with the stability
problem, the scheme of fig. 1 can be
replaced by the equivalent circuit of fig. 2.

To determine the conditions of
oscillation of this network we have only
to consider its response to transients;
transient currents will be given by the
addition of terms f; ¢™', where p; = e; + jg;
is one natural mode of the network
(GUILLEMINN, 1931). If any of the a, is
positive the network is unstable, i. e, the
circuit oscillates; if any of the a, is zero,

idy

"r

Al [

Fig: 1

but none is positive, the circuit is in the limit of oscillation.
The equations of the equivalent circuit (fig. 2) can be written at once:

et

) sta' ol Fni+i)=0

Loty + roip+ 22 G+ ;) = s (oo — e}
where the z's, functions of the complex variable
p, are the generalized impedanees of the eircuit.

We have also the relations ¢, = — 2,4
g = = z40p; re-arranging the equations (1)

we et
@ f i, . Fltzntzpli=0
Fig. 2 l[r,—i— 1+ z4+z,]i,+ (za—n2z)i=0

— 20 —
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If this system has & proper solution, then
Z3 n+ 2tz -0
p++pa+te & —an

A(p) =

or

@ @) =10 @ =E+atz) [t ((+ae]+n[(+8) z+2]=0

A (p) = 0 is the determinantal equation of the circuit; by a well known
rule (GUILLEMINN, 1931), we can verify that this equation will be, at most, of the
fourth degree:

) Gop' + ap® + ap’ +ap +a, =0

The roots p; of this equation are the natural modes of the network.
So, if the network oscillates, the real part at least of one root must be positive.
But, by Routh-Hurwitz criterion (v. MISES, 1930; ROCARD, 1949) the real parts
of all therootswill be negative if (supposed a, > 0) all the following determinants

@) dp a2 0 & agt 0
ftg By a3 4y &y g ty @y By
0 aga; 0 a,050,

000a

are positive. So, to have an unstable network, at least one of these determinants
must be negative. From where we arrive to the set of conditions

(5) @y Gy — g g < O

or

() (a8, — Gpay) 63 —aia, <0
LR L7 since the condition deduced from the third
determinant reduces immediatly to (6).
. M
!

L In order to find the conditions of
'cr oscillations of a network that can be
represented by the general scheme of fig. 1,
the following rules must be followed,
according to the results above:

a) the impedances z (p) are
calculated, in the usua way;

b) these values are introduced
in equation (3);

c) this equation is reduced to
the form (4);

d) inequalities (5) and (6) are
formed; these inequalities give the contions
of oscillation.

The application of the Routh-Hurwitz criterion will now be exemplified.
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I1. HARTLEY OSCILLATOR

The R. F. equivalent circuits of a Hartley oscillator are represented
in fig. 3. The generalized impedances are

n={L+M>p+R
to=(lg+ M p+ R,
7= 1/Cp
It follows
a(p) =[(L + L+ 200) p + (By + B + 1Op] 1y + [T+ M) p+ R] X
X {0+ [t +mp+R]+ U} =0

Usuaily we have B, , By << r,; introducing this approximation and re-
-arranging the equation above it follows:

O+ @)L+ M) (Lo + MYCD* + v, (L + Ly + 28 € +
+ [(B+R)rpCH+ U +2)]p+r,=0

By the condition (5) the circuit will be able to generate oscillations if

(I + Ly + 20 [(Ry + Ro) 1, C + (La+ M) ] — (1 + 0} (1 + B) (Ly + M) < 0

or

(Lo + Lo+ 200 [ (R + B v, O+ (Lo + M) ] < (L ) (L + M) (Ly + B)

fII. ULTRA-AUDION OSCILLATOR

The R. I. equivalent eirenit of the ultra-audion oscillator (M. I. T, Rapar
ScHoor, 1M46) i shown in fig. 4. We have now

r
2 = ”PC1 R, < 1
Le TO
23 = 1h’cz ¢
""" L S
o= (Lyp + R)[(Ls O35 + Rs Cap + 1)
c‘ -

Entroducing these values in  the

determinantal equation we obtain: Fig 4

BB G+ T LGP+ + 0k + R C+
+ OO+ + LO R +HR[0+0 0+ 0.+
+rC+ 0+ +w)=0

where ¢ = VL, (.
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Since &, = 0 and a; > 0, the conditions of oseillation become

[A+ Db+ R C4 O+ GO+ L O B[+ ) G + O] +
+nC+ ) <@+ )+ L0 G0+

or, if we introduce the damping constant of the resonant cireuit, ay = Ry/2 Ly,
we gob

4
[? (6 Cs 4 C)) + a5 (€, Co + O3 €3 + €y C3) r,]

X [03 (Ca+ ) + "":2!' {2_['*’__(_1] < 4-"‘?[03 .+ 0+ ¢, (-'2]
43 45

suposing yob x 25> 1.

With these two examples the application of Routh-Hurwitz criterion
to self-oscillators is sufficiently explained. But we believe that this criterion is
specially valuable when numerical values of the parameters are known. The
conditions of oscillation can then be easily applied. In particular, the influence of
any critical element of the network can be studied without great difficulty.
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Methods of Obtaining High Vacuum by lonization
"Electronic High Vacuum Pump"
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I. INTRODUCTION

The idea to obtain high vacuum by ionization is quite old. Already
PLUCKER (1858) points out this possibility. | will give his words in translation;

"Certain gases (oxygen, vapours of chlorine, bromine and iodine)
combine more or less slowly with the platinum of the negative electrode,
and the resulting combinations deposit on the surrounding glass wall.
By this we approach an absolute vacuum".

Of course his conclusions cannot be accepted as awhole; but he seems to be the first
to observe electrical clean-up, i.e. adsorption of gases or vapours in an electrical
gas discharge. The mechanism of clean-up is explained in the following way: Gas
molecules will be ionized and after this drawn to collectors of a negative potential
where they will be adsorbed or "shot" in. A simple device of electrical clean-up
would operate as a vacuum pump, only for avery short time, because the adsorbing
parts will soon become saturated. The positive ions must be drawn to a fore
vacuum side. But then the number of ions has to be greater than the number of
gas molecules that will diffuse back. This is a necessary but not a sufficient con-
dition for getting a pumping action.

Il. ABOUT THE POSSIBILITY OF PUMPING ACTION

We will s now that it is not possible to construct a high vacuum
pump with reasonable dimensions in a normal d.e. gas discharge. We assume the
following model, se (fig. n.° 1).

We have a tube of x cm of length and a diameter of 2r cm. At A may
be the cathode and at B the anode. We claim a difference of pressure between
the ends of the tube of p; — p; > 0. T'o the pressnre p, corresponds the density
n, and to py the density n, molecules per cm®

The necessary assumption for setting up & pressure differcnce between
the endys of the tube is:

number of ions./second greater than gas flow AN
{1 n,>AN
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This assumption is not sufficient from many points of view as we shall
e later. To get an idea of the dimensions of the diameter 2r and the-length x of
the tube in relation to the electrical values, we calculate both sides of the inequa-
lity (1). The number of ions depends on the number n, of the electrons coming
from the cathode and on the potential difference U between A and B, furthermore
on the so called differential ionization sy (17), the pressure p and the length of the
electron path that may be equal to that of the tube.

@ = ﬂ.f 8, (Ug) p(d) d &
o
But the toncept of the differential ionization means that each electron

collides with a gas molecule at loast onee on its path x. To get more accurate
values we have to replace », by a valhe:

n,(l - c“{'e)

Tamte 1
Minimum Length =z, for “Electrenie Vacuum Pumps”

-z J
as zeros of the function: f(x ; J, ;1) = &° (l —e :mo) - 5!:!8"‘,%e

A} r=10em
J; {Amp) S (liters/see)
Jo (Amp) Tmin (em fon current at 107 Torr
0.001 735 14 x 10t 0.13
n.ol 278 346 x 10t 0.35
1 118 8,5 x 107 0.8
10 82,5 1,8 x 107 1,8
10,0 21 42 x 10° 4,0
B) r=05em
0.001 304 4,1 X 107 2,5
0.01 128 9,8 X 107° 6,0
0.1 56,8 2,2 x 107 13,6
1,0 25,8 48 x 107 30
10,0 12,0 1,0 X 107 G4

which gives the number of all electrons that collide at lesst once on their path,
A, the mean free path of the electrons in the gas,

® m=n(t-c%)7 [ ae

P the nverage pressure between A and B.
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Such an electronic pump is only of interest if it acts at pressures lower
than 10* Torr (mmHg). To compute the other side of inequality (1), i. e.
the number of the back diffusing molecules, we may apply the Knudsen law for
the case when the mean free path is longer than the diameter of the tube:

2 . 1
(1) AN =—3—r1rc(ﬂ1 --nq};

¢ the average thermul velotity of the gas molecules.

Furthermore we are not too pretentious if we claim that our pump
reduces the pressure at least down to 195, Le. we can neglect »y against ;. Our
inequality (1) gets now the following form:

) n,(l—-g_i_c)f,"[ s,(UQdE)-g—rstﬂI%

As we may derive {rom
measured values (KyoLo, OLLENDORE
& Romee, 1935) of =, see fig. No. 2,
we can write approximately for the

——lun purigat my

T - ’l ok dlHulee AN —=
integral f s(UndE=x what would [ > 3
o L]

B+

be favorable to a shorter tube

Flo. 1. AcHNEME OF PUMMNE ALTIOM

Substituting #, by the current
I, we get the following inequality ()
for the lenghth 2 of the tube:

_* 3
®) x*(x—e Xe):»A-"—

:
7.
;
2remy € £
A=s— H
3p 8
¢ = elementary charge
W'e mgard now the differf\nce Fibt, MAFEAZATHL 1HMIEATION #F AN
of both sides of this inequality (6) as L
a function of z, I, and 7: Figs. 1 and 2
) =2 2
) J’(zif.;r=22(1—c i‘)*t‘i%
[ ]

Our electronie pump would operate for all valuea of x, I, and r that give
positive values for the function (7). Introducing the numerical values for air at
an average pressure in the tube of 3 = 107! Torr, we get &k, = 4 . V'2 Aoy = 2600m

A=2508 . Amp, em™!

(7a) Jails0) -32(1—3"2%-0) -ws;—t

{r and r in em; I, in Amps)
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Computing the zeros of this function (7a) for electron currents between
0.001 and 10 amps and reasonable values for the radius of the tube r = 0.5 and
10 cm, we get the minimum length Xy, of the tube. In table n.° 1 we may se
the computed values. In the first column we find the electron current |, in the
second the minimum length Xy, of the tube, in the third the ion current /,
for 2 |, and in the fourth column finally the pumping speed at 10 Torr forcing
2.1.amps through the tube. The ion current has been computed in using the
formula (3) for the number of ions, with the values of our case we obtain the formula

ra
{8} I, =10 -—;(amps)
"The pumping speed at 107 Torr can be caleulated with the formula
derived (rom (1)

©) S = 06,4 -rTl—(]itcrs/m(:)
-r

if we make pass the double values of the electron current | calculated for the
minimum length.

Reasonable values for the minimum lenght are only obtainable for large
electron currents. There are no technical difficulties in getting sufficient electrons
emitted from hot cathodes but their space charge will be enormous and very high
voltage must be applied to get the electrons through the long tube; electrons
will attach to the glass walls and charge it negatively and by this sensibly change
the electric field. Further calculations on the necessary voltage point out that
the voltage.

2
LYy . o2
Ug= (?s)1 , raughly K = I(]'“?

must be of the order of 10° volts, even aso for the lower currents, as with these we
calculate much longer minimum lengths.

From this we can conclude that the construction of an electronic pump
in a simple gas discharge tube is not possible.

We must emphasize that we assumed favourable conditions in calculating
pumping action of a simple gas discharge. We did not consider re-combination
of ions, the high electron bombarding energy nor the technical problems of
the incandescent cathode intensely bombarded by ions and other problems.
Furhermore we know that s, is much smaller at higher voltages and some
electrons will hit the walls and not arrive at the anode at all.

We have to find a way to increase the path of the electrons without
increasing the length x of the tube. There are two different ways:

1. that of making the electrons oscillate in the axis of the discharge
tube (SCHWARZ, 1940 a & b);

2. that of forcing the electrons in spiral paths by a magnetic field
within a cylindrical electrode system as for expl. in a magnetron
valve or cyclotron.
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Instead of our inequality (5) we have now:
-5 * 2 1
(1 ﬂ..,(l—e "‘)wa 3 ({7 rlE>§-rswEn1-;
1]

where v denotes the increasing factor of the electrdn path. Substituting the
aumerical values in {10} as we did hefore and neglecting the exponential part for
suffieiently high values of v, we obtain the following numerical inequality:

an ;r>22,ﬁr-‘/fr

e F

A simple example shows that the conditions for the construetion nre
feanible.
r=lem}e=20;f,=01 A4 ;r,, = 6cm

N = § litersfsec at [, = (.2 nmps,

Since the ion current in this example would be of the order of 5 mA,
here will be practically no negative space charge, consequently the voltage can
be much lower.

It is easy to mistake a clean up for a pumping action, i.e. adsorption of
the ions on the wall in small volumes. All experimental work on this field must
be considered very critically. And it seems to me that the experiments recently
done by CHAMPEIX (1950) on thisfield in a gas discharge tube without a special
arrangement for prolonging theionizing electron path did not show area pumping
action but clean-up.

I11. CONSTRUCTION OF AN "ELECTRONIC PUMP"

In our laboratory we constructed an electronic pump (SCHWAUZ, 1943)
using experiences obtained from our earlier work already done on this field
(SCHWARZ, 1940a & b). The fundamental arrangement of that former type
is to be seen in figure No. 3. The tube consists of an incandescent cathode, an

anode of ring shape and a third annular electrode that was on the same potentinl
more; a small magnetic field parallel

) to the axis of the tube kept the

electrons in spiral paths in the centre

{seunanz (i) the adsorbed gas was found at the

We connected four tubes, and at the entrance of each wc put in a ring

as the cathode. An electron current of about 10 mA was emitted by the cathode
| of the tube away from the anode.

glass wall which had become

electrode at slightly negative potential. These tubes were joined all together

P

and kept oscillating through the
- l . annular anode at about 2000 volts or

In such a tube a very intensive

P4 p CUPENIMENTAL TUBE FOR @TUDTYHIN £LEM-OF Clean_up was formerly Obwved and
negatively charged. In bur new electronic pump model, fig. n.° 4, we opened
the glass wall at four spots between the two rings, but nearer to the anode.
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and connected at F to a common rotatory oil pump as a fore pump. The
volume to be brought to high vacuum was connected to the opposite side of
the hot cathode at H, and at the entrance of the connection tube another annular
electrode B was seded in coaxia position. It was
maintained at positive potential to prevent ions from
running to the high vacuum. The pressure at the high
vacuum side H was measured by a Pirani gauge and
an ionization gauge.

A volume of about 500 cm® connected at H
was pumped out from a pressure of 5. X 10° to 10.
10° Torr-sometimes 5. X 10° Torr in less than one
second.

The pumping was repeated more than 30
times; we did not observe any saturation; but as
simple calculations prove that already 3 times would
give a mono-molecular layer on the inner wall of the
pumping tube, this pressure decrease could not have
been caused by clean-up, the adsorbed layer cannot
be thicker than 17 times that required to form a &
monolayer, as we aready found in our previous work. ) . N
Then the observed decresse of pressure must have Fie. thuﬁ];ﬂjfﬁnmgh
been a real pumping action.

| would like to acknowledge my indebtedness to prof. Cesar Lattes,
for granting the possibility to do thefinal experiments of this work in the Centro
Brasileiro de Pesguisas Fisicas.
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DISCUSSION

SALMERON: What is the influence of the nature of the gas on the power of this pump ?

H. SCHWARZ: Theinfluenceis expressed in the differential ionization s, as this depends
on the kind of gas. But considering all possible s, in formulae (5) and (10) we can calculate
a minimum length Xy, that will give pumping action for all kinds of gases. The speed is
proportional to s

SALMERON: Was there away of increasing the ionization by an alternating field
inside the tube?

I1. SCHWARZ: NO.

HERB: Did you have a fore pump connected to your tube during the tests you
described ?

H. SCHWARZ: We connected one normal rotary pump to the combined four glass
tubes. The rotary pump gave a final pressure that we measured as being 10° mm Hg.

KERST: Can you start this pump at 2 X 102 mm pressure?

H. SCHWARZ: Yes, we can; but then we get difficult conditions caused by the
spultering of tungsten that will deposit on the walls and the strong gas discharge that will
need good stabilizer.



On the Lower Limit of the Pressnt Day High Vacuum Gauges
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INTRODUCTION

There is no doubt that in all kind of modern experimental physics where
one wants to get rid of air, the lowest vacuum is the most desirable one. But it is
unsatisfactory that the present day vacuum gauges cannot measure the low residual
pressure that modern technique is able to produce. The lower limit of the best
gauges lies at 10°® Torr (mm Hg), but with an error of a factor greater than 2,
while on the other hand the lowest gas pressure obtained with modern vacuum
techniques is certainly smaller than 107*° Torr. That thisis true we found for expl.
at adsorption curves of barium getters, fig. 1. Plotting the decrease of pressure
with time we should expect an e-function shape; but in very clean vacuum systems
this shape did not appear as we e in the figure. The pressure was measured
by a radiometer type manometer developed by KLUMB & SCHWARTZ (1944) that
is independent of the kind of gas. It is easily derived that the final pressure we
obtained in this system was lower
than 10° to 107 Torr. Already P. =™
ANDERSON (1935) and NOTTINGHAM
(2937) concluded from electron
emission of pure metals that the
pressure they obtained was lower than
they could measure, and estimated
pressures of the order of 10°%° to 10
Torr. Recently SEDDIG & HAASE
(1952) took up the investigations Fig, 1 — Pressura decrense in Be-Gelter Pressure
of ANDERSON and developed a measnred by Klumb-Schwarz-Manometer
method to infer low pressure values
from the change of the work function of some metals with the degree of gas
adsorption. The velocity of decrease of work function is a measure of the
vacuum.

1ime b ity

But why is it so difficult to measure low pressures? The answer is
ridiculously simple: because the forces are so small. For a "bad" vacuum
of 107* Tore = 0. 14, we have only aforce of 0. 14 mg per square centimeter.
We have to do with the small pressure the same as we do with small electric
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currents: we have to amplify itself or measurable values that depend on it.
Therefore | distinguish between:

1. vacuum gauges without amplifier
and
2. vacuum gauges with amplifier

As vacuum gauges of the first group are able to indicate pressures
practically only down to 10 to 100 p, we will not deal with them here. Among
the gauges with amplifier we distinguish the following principles:

1. Compression manometers
Heat conductivity manometers
Viscosity manometers
Radiometer type gauges
lonization gauges.

g s~ wDN

In an amplifier we always have to put energy. In the compression
type we have to use compression work, in the heat conductivity manometers
and the radiometer type gauges heat, mostly electric heating; in the viscosity
manometers kinetic energy often with help of electrical energy; and lastly in the
ionization gauges we have to apply electrical energy.

1. COMPRESSION MANOMETERS

Such as the McLeod-gauge which amplifies directly the pressure by
compressing a known volume V can hardly be improved. Its lower limit can
be derived from its gauge equation:

(2) p = kh? h. — difference in mm of mercury level

where A: the manometer constant gives the degree of sensitivity

o4
k .1’

p is the cross section of the capillary wherein part of the gas to be measured
has to be compressed from the fixed volume V. The lower limit is a
technical limit, how small the cross section g and how large the volume V
can be made. ROSENBERG (1939) seems to have reached with k = 2,4 X 10 7
Torr. mm™? a practical lower limit because of the high specific weight of the
mercury and capillary forces. To use oil instead of mercury gives many
difficulties due to degassing and capillary adherence. The manometer constant
k — 2,4 X 10~" Torr mm™? means that one millimeter difference of mercury
level in the two capillaries indicates a pressure of about 10~" to 5 X 10~ Torr;
but only the partial pressure of the permanent gases can be measured; the total
pressure cannot because more than | p of mercury vapour is present. As the
McLeod will never become a vacuum gauge of quick recording, it will only keep
its standard position as an absolute vacuum gauge, esp. for calibrating other
types.
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2. HEAT CONDUCTIVITY MANOMETERS

2 — Heat Conductivity Manometers — From the Kkinetic theory of
gases we know that the heat conductivity K through a gas is proportional to the
mean free path X and the number N of the molecules per volume unit:

2) x = const, A N

As X isinversely proportional to the pressure and N directly proportional to the
pressure, K becomes independent of pressure. But this is only true if we have
more collisions between gas molecules than collisions of gas molecules with the
walls. At lower pressures (under 100 p) when the value of the mean free path
is of the order of magnitude of the dimensions of the vessals, the heat conductivity
becomes dependent on the pressure. The well known Pirani gauge indicates
the change of electric resistance of a tungsten wire in the vacuum to be measured,
as the resistance depends on the temperature, the temperature on heat conductivity,
and this on the pressure, so that we have a function:

p=11R)
Another way ix to measure the temperature directly by 2 thermocouple
p=J{

The lower limit of this type ie given by the fact that towsards lower pressurea
losss of heat by conductivity of the gas becomes much less than the transport
of heat by radiation and eonductivity through the solid parts, cg. metal lead
in wires for the current.

The lower limit will result from the heat balunce:

(3;' an! = Qunu 4 de -+ Qwrai

From the kinetic theory of gasx we can cakulate

2R
€Y Qw=TPJ—;‘ﬁ"“(T2"Tl)2fﬂl
T, = cxternal temperature, ¥, = internal temperature

ri = radius of the wire, { = its length, ¥ = ! accomodation coefficient, Let
us have s practical example:

Ty =203"K, T, = 423K ; M = 20 (uir), p = 107% Torr, 20yl = [cmz, then wo
wet
Que = 3,3 X 107 cal, sec ™!
To have a comparison we ecalculate @, from Stefan-Boltzmann law:
(5) Qua =0 (T3 - TN 2xr !
For our example we get
Qs = 3,6 X 107 cal. see™"

This means that by radiation aiready 100 times more heat will be transported
than by conductivity through the gas at that pressure of 107 Torr, To get an
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idea about Q.. we make the simplifying asamption that T, deereases from
the middle of the wire to both its sides to the temperature T, then we have
Ty ~ T,

© Quest = 2015« 3

h roefficient of heat conductivity through the metal, In our example let us
assume A = 0,1 eol grad ™ em ™" see ™!, then we get with 7, = 0,2mm and { = 8 em

Qs = 8.2 X 107° eal. see™'

that means as well by conductivity through the metal we have 25 times more
heat transported than through the gas volume.

To reach alower limit we could think of diminishing Qma by prolonging
the wire, but then Qs would become greater. Practically the lower limit
lies at 10~* Torr and all attempts to come to even lower limits are very
uncertain in precision.

3. VISCOSITY MANOMETERS

As the viscosity n of a gas is proportional to the heat conductivity it
can also be used to measure the pressure of the gas.

The most simple kind of viscosity manometer is a rigid thread of quartz
oscillating in the gas to be measured. The (lamping that depends on the viscosity
will be measured by the half-time in regard to the amplitude of the oscillation.
The solution of the differential equation of the system delivers for the half-time:

) +const-
o i PV + 2z
where D is the diameter of the quartz thread (cm), p the pressure (Torr),
M molecular weight, z a value for the self-damping of the system itself,
const. = 122. The lower limit is given by the fact that t, gets practically
independent on the pressure, if the self-damping will become much greater than
pvM

22 vM

That happens in the order of 107" to 1077 Torr.

A great disadvantage of all kinds of gauges of the viscosity type is that
they are sensitive against outside vibrations and that they require the use of a
stop watch.

We developed together with Klumb a viscosity vacuum gauge which
we call resonance-manometer.

This manometer is schematically drawn in fig. n°. 2. It is more rigid
and needs no watch. The main parts are the F-shaped loop Sch in the vacuum
to be measured and the magnet M.  Through this loop passes a current coming
from the photocell Ph and amplified by the amplifier, Ve. The photocell Ph
gets its light from the mirror Sp fixed on the loop and reflecting the light
coming from the slit shaped source L. Once the loop Sch excited to oscillate in
its own frequency (self-frequency) by any means, it keeps on oscillating with
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constant amplitudes, because the mirror S will receive periodically light in the
rhythm of the oscillating mirror. That means that an alternating current
coming amplified from the photocell passes through
the loop Sch in the constant magnetic field, so that
oscillations will continue undamped. The amplitude
depends on the viscosity, and this on the pressure.
As the frequency is larger than 10 Hz we s the
scde Kk illuminated in a whole. The pressure will
be indicated by the length of the light stripe on the
scde Sk. The lower the pressure the longer is the
Fig. 2 — Resonance-Mano-  SUTiPe.  Of course the indication of the amplitude
meter of Klumb-Schwars could be done by other electric means.

4. RADIOMETER TYPE GAUGES

This type is the only gauge of the modern ones that is independent
of the kind of ges.

The principle can be derived from the simple figure N.° 3.
We have three plates A, B and C, in

vacuum. A is at a higher temperature T, than B A %
and C. B T
Ty > T, C T

The molecules that come from A arrive
at B with a higher energy than those coming from 7'437SGHEXE OF THERMAL MoLECULAR
C, if the pressure is sufficiently low, so that the
molecules will arrive at B without colliding with one another. The plate B will
be moved by the thermal molecular pressure; the acting force K can be calculated

3 )

where p is the pressure in the system.

I will not describe here the different technical types already known.
I will only mention a construction radically different from all the other
radiometer types. KLUMB A SCHWARZ (1944) developed a cylindrical arrangement
of vanes instead of the common vane in a plane parallel to that of the heated
surface, as fig. 4 points out (see also DUSHMA.N, Vacuum Technique, 1949 pp.
305-9). The system is suspended at a thin tungsten or quartz thread in the
annular space between the outer glass G and inner tube H; a heater is placed
in H. The outer glass can be cooled at a constant temperature T, (liquid air
for the most sentitive one). The rotational moment that depends linearly on
the pressure in the annular space can be observed by the deflection of the mirror
attached to the suspension or compensated by an electromagnetic arrangement;
the ac. current necessary for this compensation is then a function of the pressure.
This system can mathematically be treated in the same way as a mirror
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galvanometer, defining the “reduction Factor”
Oy and “gauge acnsitivity” Fy

1 (‘, 0 o] AT
- e - ted=p .
(9) CO Eo ] g = Eu' p —

where B denotes the angular deflection.

For the lower limit of this vacuum
gauge we have the same conditions as those for
a mirror galvanometer. The sensitivity is ]
limited by the mechanical constants of the —
torsion system.

Practically the lower limit lies at a
reduction factor Co = 10® Torr. m™* mm"?,
i.e. 10-® Torr for 1 mm of deflection on the

scae in 1000 mm of distance from the mirror, { e susscm s

T TR

using a tungsten wire of 0,01 mm diameter, f

. N - . . Fig. 4 — Klumb-8chwarz-Manome-
cooling with liquid ar and heating to tor; radiometer type
T, = 350° C.

5. IONIZATION GAUGES

The principle of the ionization gauge is the following. In a simple
triode with a directly heated filament the electrons accelerated, let us say by
150 volts, will ionize the residual gas molecules, se¢ fig. 5. The positive ions
are collected by the third electrode that is at a slightly negative potential. At
lower pressures we have then the following simple relation

(10) p=C

i; the ion current to the collector, I, the elctron current.

/ yacuun The constant C is of the order 0,05 to 0,1
if the pressure p is measured in Torr. The electron
current lo normally is of the order 1 mA. Under the
best geometrical and electrical conditions of the
present day vaues it is not possible to obtain a
lower current for I; than about 10~" amp., which
corresponds to a pressure of 2X10® Torr, although,
as we aready pointed out in the beginning, the
obtained pressure must be much lower; this means
“eoe +8a¥at that in the common types the current reaching the
Fig, 8 — Hrhemutice] jonizetion negative collector becomes at lower pressures less
pazii crauit dependent of the the pressure and that we have to

change our formula (10) into:

(11) p= =2
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The question is now: To what is the current |, due? It is independent
of the pressure, or let us say more cautiously, less dependent on the pressure.
NOTTINGHAM (see S. Dushman, Vacuum Technique 1949, pp. 358/9) has ascribed
this zero-current |, to photoelectrons emitted from the ion collector and liberated
by X-rays which are produced on the "grid" by the.incidence of the about 150
volt electrons. This hypothesis seems to us a bit unlikely, when estimating
the efficiency of the supposed effects. The minimum wave length of the
X-rays produced by the 150 eV electrons is

A = 824

The X-rays ¢:m only be Bremsstrahlung and not fluorescence radiation, because
the lowest level of tungsten lies higher than this energy. Let us make a rough
estimation of the photoelectric yield of the X-rays:

We have an electron current of . = 10 ° amps. The energy E, of the
X-rays produced by this electron current is only (HANDBUCH DER EXPERIMENTAL
PHYSIK, vol. 7, p. 2 (1928)):

E.=w"Eg.ZV
inour ease 2 =74 F o= 150 volts; E, = {,-FV
The number of X-ray photons is:

"
z

no=

hey
If we had 10055 yicld of phatolectrons, we would obtain from the collector
a photoelectric enrrent of: I, =10"" Amps
1 Ze - _
Iy=ne == S0 g, = t07%1,

But not all these X-rays will hit the collector,

Iet. us asume m solid angle of 1067, = 10~
Furthermore we cannni assume shat every h-v

quantum will release one electron, beeause n great part

of the weak X-ray energy will be lazt within the interior

of the metal by heat; let us nssume a 1095 yield. 107"
~11
From all thix we must conclude that only 07" Amps

phutoelectrons can be produced by the process supposed by NorringHay, e, 100
tines less than the zero-current.

But we must confess that this result does not convince us completely
that the hypothesis of NOTTINGHAM is wrong, because we know too tittle about
the weak X-rays and their yield of photoelectrons on solid surfaces. But we
think that we need not apply such a complicate mechanism for explaining the
lower limit of the ionization gauge, i.e. the zero current 1. Tungsten gets vapour
pressures in the range of 10 Torr, if heating to 2600°/£ which is the temperature
normally reached by the incandescent wire of the ionization gauge. We will
have always a cloud of tungsten vapour near the surface of the tungsten filament,
the density of which rapidly decreases towards the colder collector of the gauge.
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But in any way the electrons will ionize these tungsten atoms, the number of which
at the very low gas pressure is independent of the pressure and only depends on
the temperature of the filament. Rough calculations give still a pressure of
10° Torr within the vapour stream near the surface of the collector electrode.
As we already know from own former experiments (SCHWARZ, 1944) there will
be always a gas exchange effect at the collector electrode: the ions arriving at the
collector will be shot unto it and replace other gas or vapour atoms that will come
out. Such a vapor-gas cloud might maintain this exchange process, so that we
will always have in the gauge within the ionization space between the hot cathode
and the collector a pressure that hardly depends on the pressure in the vacuum
system itself. All experimental work recently done on this field and based on
Nottingham's theory (LANDER, 1950; METSOV, 1951) cannot undoubtedly prove
any of the theories pointed out.
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DISCUSSION

ORRINI: | would like to know the range of measurements of your viscosity manometer*

H. SCHWARZ: From 100 to 10'® mm.

ORSINI: | have seen i n your scheme that you employed A. C. current to heat the lamp.
Doesn't this introduce perturbations?

H. SCHWARZ: D.C. current must be used, to have a constant flux of light.

GROSS: Could you tell me the half time of the oscillations (extrapolated to O pressure)
for the quartz string gauge?

I1. SCHWARZ: With a thread of quartz of 1 micron diameter | got a half time in the
order of hours at 10" Torr and the extrapolated half time at pressure O will not be greater than
a factor 2.

RABI: Have you considered the sensitivity of the Stern-Pi rani gauge as modified by
Zacharias for the detection of molecular beams? | would expect that the sensitivity is better
than 10°8.

Il. SCHWARZ: You may hardly succeed in getting arelative sensitivity of that order
an the absolute pressure region between 102 and 10" mm Hg, but measuring absolute pressures
iof 10"® mm Hg is practically impossible with any type of heat conductivity vacuometcrs.



Diffuson Cloud Chamber

P. RIBEIRO DE ARRUDA

Departamenlo de Fisica, Escola Politeenica,
Universidade de Sao Paulo, Sao Paulo, SP., Brazl

The original development of the diffusion cloud chamber was carried
out at the M.I.T. and published by LANGSDORF JR. (1938).

In that chamber the control of roof and bottom temperatures was
independent; the diffusion was downward and the window was placed in the
underside.

The gas used was C0, at atmospheric pressure, and the control of tem-
peratures was made by liquid circulation.

About two years ago the diffusion cloud chamber has been improved
and the construction was simplified in conection with the ways to obtain low
temperature (COWAN, 1950; NEEDLES & NIELSEN, 1950; NIELSEEN, NEEDLES
& WEDDLE, 1951; BERNARD & ATKINSON, 1952). More elaborated diffusion
chambers have been projected for high pressures (MILLER, FOWLER & SHUTT,
1951; SHUTT, FOWLER, MILLER & FOWLER, 1951) and a theory of diffusion
chambers was presented (SHUTT, 1951).

Roof heating is usually obtained by electrical means and bottom cooling
by direct contact with a dry ice block, or liquid nitrogen (CHOYKE & NIELSEN,
1952).

In this paper is described an atmospheric pressure diffusion chamber,
with independent control of roof and bottom temperatures and means for easy
control of the temperature gradient in the
chamber, in order to maintain the best
operating conditions.

Fig. 1 shows the diffusion cloud
chamber and Fig. 2 the constructional
details and circuits.

The principal points to be mentioned
are the following (Fig. 2):

a) roof heating is made by four
resistances, 300 watts total power, and
temperature mantained by means of a thermostat (Th);

b.) windows are cleaned of fog by means of a hot air stream supplied
by a closed air circuit, heating resistance (R) and ventilator (motor M);

c.) bottom cooling is made by expansion of C0, liquid into arefrigerating
coil, soldered to the bottom plate. The rate of expansion is controlled by a needle

Fig. 1
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valve (V), and by this means the low temperature is maintained at the optimum
condition for the better performance of the chamber;

d.) The temperature gradient is measured by a thermoelectric pair
(T, — T,;) and milliamcter, referred to the roof temperature, this one measured by
a mercury thermometer;

e) Alcohol isfed from a storage (B) through two circular concentrical
channels. The section of the channels is trapezoidal. The height of the alcohol
in the channels can be controlled by adjusting the level of the alcohol container.
This is made by two adjusting screws (level h);

Fig. 2 ) Tig. 4

f.) The windows can be lifted, and the interior of the chamber easily
cleaned;

g) The sides of the chamber are made of glass plates, about 2.5 cm
width, separated by metal strips in order to maintain a bettor temperature
gradient. The columns in the corners (Fig. 1) are made of wood, treated with
paraffine. The seds in the joints are made with a rubber cement;

h.) A electrical field of about 50 volts/cm, is obtained by conventional
rectifying and filtered circuit. A high resistance, about 1 meghom is put in series
with the plates.

Fig. & :

e B

The following construction details of the diffusion chamber are shown
in the figs. 3, 4, 5 and 6:

Fig. 3: hot air circulating chamber, without the glass windows;

Fig. 4: complete roof plate, with alcohol containers, feeding system,
concentrical channels and imbeded heating resistances;
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Fig. 5: bottom plate with refrigerating copper coil, needle valve (V)
liquid CO, feeding line and baffle;

Fig. 6: complete bottom plate.

The plates are made of brass, the bottom plate is mounted in a wood and
cork box shown in figs. 1 and 2. The roof plate is put directly upon the glass
sides of the chamber. The first glass window is separated from the roof plate by
a cork gasket.

OPERATION

The following steps are followed for good operation of the diffusion cloud
chamber: Alcohol is poured in the bottom plate, about 2 mm. This is possible
by means of a rubber square cemented in the sides of the plate.

A dlass plate blacked with carbon black is sunked into the acohol pool.
It is important that the plate lie uniformly wet. This method gives an excellent
background.

Methanol is put in the alcohol containers, with the adjusting screws at
the minimum feeding conditions.

The roof heating should be started at this moment, and the temperature
adjusted to stable condition by means of the thermostat (Th). For methanol the
temperature about 55°C is good. The stable condition is obtained in about fifteen
minutes.

The bottom cooling should be started after the adjustment of the roof
temperature, by opening, gradually the expansion valve (V), and measuring the
temperature difference by means of the thermoelectric pair and milliameter.

hooking into the chamber, the appearance of the cloud must be uniform,
likearain of liquid drops. Stratification isasignal of non-uniform gradient in the
chamber, and if this condition is continued, it isimpossible to get tracks of particles.

In this case rather than to look for the causes it is better to start
again the operation.

If the cloud is normal, about fifteen minutes after applying the low tem-
perature, and at-55°C, the first tracks of alpha particles may be observed. For
testing condition in our work we use a source of alpha and beta particles.

In the subsequent half hour the chamber conditions stabilize, and
adjusting the rate of expansion of the C0, the more sensible conditions are attained
and the indication of the milliameter is maintained for a control of the temperature
gradient.

In that condition the chamber can be used during hours, and the operating
conditions may be easily maintained by means of the control of valve (V) and
thermostat  (Th).

Thefield isapplied in order to clean the chamber of old ions by pushing
the bottom (By,) in fig. 2.

RESULTS OBTAINED WITH THE CHAMBER

In order to observe the behavior of the diffusion chamber, the apha and
beta particle source is enclosed in a tube. In front of the tube a removable
shield is used far afa particles; a hole in another shield, filled with berilium
oxide, is a source of neutrons in the chamber.
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The results arc shown in figures 8 to 10. The film used was Kodak
Super X X, and the camera, was a Contax.

Vg, 7 Fig, &

The exposition time is about 12 to 1 second.

The illumination source is a CC carbon arc (20 amperes), and optical
condenser system. Theareaof illuminationisabout 25 cmwidth by 25 cm height,
and about 2 mm over the background.

A more efficient system with ges flash tubes is now under design for

better definition of the (racks.

Fig. 9 Tig. 10

Fig. 7. shows alpha and beta tracks originating in the source (bright

spot in the photograph).

Fig. 8: shows beta tracks (alphaparticles shielded by athin aluminium
fail).

Fig. 9: isthesameasfig. 7, but the exposure timeis longer.

Fig. 10: shows heavy tracks in the chamber bombarded by neutrons.
Exposition is about 1 second, and three V tracks can be seen in the photographs.
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DISCUSSION

SALMERON: Como influi a temperatura da parte inferior? Diminui a espessura da
zona de super-saturagao ou diminui a sensibilidade da camara nessa regiao?

ARRUDA: Nao posso dizer exatamente na base das experiencias feitas ate agora, mas
parece-me que a sensibilidade da camara se modifica e em ccrtos casos, dentro de 5 graus para
a placa fria. Por outro lado, empregando-se uma fonte que dispersa as particular num certo
angulo solido, avariagao da temperatura deveria mostrar a variacao da sensibilidade nas eamadas.
Entretanto o que se nota e uma diminuigao geral da sensibilidade. O assunto, entretanto, deve
ser mais bem investigado para uma resposta decisiva.

SALMERON: Teve problemas serios de limpeza ou isso nao causou dificuldadcs?

ARRUDA: NO que diz respcito a limpeza ha dois aspectos a s considerar: foi observado
ser da maior convenieneia limpar-se rigorosamente a camara depois do ser usada, pois os hquidos
empregados atacam o metal, tal como aconteceu em camaras anteriormente construidas em
alumfnio. Urn segundo aspecto, e aquele de operagao isto e, limpeza da poeira em suspensao,
que constitui um problema importante na camara de Wilson. Nao trabalhei com camara de
Wilson, mas sabe-se que este e um problema serio de limpeza. Sob tal aspeto devo dizer que
justamente a camara de difusao apresenta cssa enorme vantagem, nao apresentando problemas
dese tipo. Esse fato ja e citado na litcraturaarespeito e o constatamos tambem nas camaras
construidas. A camara descrita entra em funcionamento logo que as temperaturas se estabilizam,
o que se verifica em tempo relativamente curto — cerca de meia hora.

KERST: Does the chamber always make electron tracks?

ARRUDA: Yes, the chamber is sensitive to electron tracks.

SALMERON: Observou se e necessdrio mudar periodicamente a posicao da agulha que
controlaa cxpansao do CO, na parte inferior depois de algumas horas de funcionamento ?
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ARRUDA: Normalmente o gjuste da agulha e simples, o controle da temperatura sendo
imediatamente acompanhado por meio do miliamporimetro. A inercia termica das placas,
entretanto torna muito simples este controle, e se ha alguma variacao periodica, deve-se em
parte a formacao de gelo seco na tubulacao da serpentina

ESCOBAR: Desearia una informacién sobre los dos aspectos siguientes: 1) si s han
efectuado experiencias cargando la camara con argon o otro gas de esta misma naturaleza y
2) si a colocar placas de plomo o aluminio en €l interior de la camara no se alteraron las con-
diciones de estabilidad de la mesma

ARRUDA: Quanto a primeira pergunta devo dizer que ainda nao foi feita essa experi-
encia.  Quanto a segunda pergunta posso dizer que, para pequenas laminas ha uma perturbacao,
mas pode funcionar bem. Para laminas de aluminio ou chumbo maiores, entretanto, penso que
deve aparccer perturbacao pois o gradients de temperatura fica modificado.

ESCOBAR: Igualmente me interesarfa conocer la opinion del autor sobre la posibilidad
de usar en la parte inferior de la camara un sistema de vacio para evitar perdidas de temperatura
del CO, y conseguir una constante lo mas baja posible en la misma

ARRUDA: Parece-nos que qualquer medida que s tome no sentido de reduzir perdas
na placa inferior permitindo manter constante a temperatura, somente trara beneficios ao bom
funcionamento da camara.

GOLDEMBERG:  Parece-me que introduzindo-se corpus solidos no interior da camara,
como chumbo, etc., serd muito dificil impedir-se a condensagao de vapor nesses corpos.

ARRUDA: De pleno acordo. Observamos que, quando utilizamos uma grade de fios
finos como ura dos eletrodos da camara, neles ficavam condensadas as gotas do liquido. A
camara de alta pressao de hidrogenio emprega entretanto tais fios. Outras camaras os evitam
empregando uma corda condutora na regiao convenicnte.

VALLARTA: Laexperiencia que tenemos adquirida con las camaras de Wilson construidas
en Mexico, de diseno parecido a la del prof. Arruda, es muy semejante a la suya. Solo rifiero
en el tiempo necesario para sensibilizar la camara, que en nuestro caso es de dos horas 0 mas,
en vez de quince minutos. A que se debe esta diferencia?

ARRUDA: Ja me tern sido referido gsse fato em relayao a outras camaras do difusao.
Como puderam ver ontem na Escola Poiltecnica, a camara por nos descrita entra em
funcionamento em cerca de meia hora. E' evidentc, entretanto, que ela tende a melhorar com
maior tempo de operacao, principalmente quanto a altura sensivel.






Contribution a la Teoria de la Antena Rectilinea

RICARDO GANS Y MANUEL BEMPORAD
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Naturales, Universidad de Buenos Aires, Argentina.

Sc trata de estudiar la distribution do la corriente on antenas rectilineas medianto
la teoria de Maxwell. Del mismo problema s ocupo, como 0 sabe, HIALLEN (1918) pero
sera util recapitular brevemente sus razonamientos ya sea para aclarar una contradiction
que se encuentra en su ccuacion integral sobre la que osta basada toda su teorfa si ben
vercmos que el orror cometido por el no da lugar a consocuencias serias. Luego pasaremos
a otro metodo de resolver la ecuacion integral que es iquivalente a la resolution de un
sistema de ecuaciones lineadles y que permito alcanzar cualqucr grado do aproximacion sin
dificultad alguna. Ademas, tiene la forma de nuestra solucion la ventaja que con ella
puoden calcularse sencillamente otras propriedades de la antenna, como por ejemplo su
area de absorcion.

I. EL METODO DE HALLEN

Lalongitud de la antena sea 2Ly sus extrcmos scan z = + L. El punto
de alimentation o el lugar del aparato de reception, 2 = 0. Como lacorriento tiene
ladirection del ge z vale para el potential vectorial A, = A, = 0,y

+L
® 1()(‘-|'de
(n A‘EA‘-i_qr' ) ——1r.

En esta férmuls hemos suprimido el factor ¢'“} y, wdmitiendo que el material de 1a
untena es de conductibilidad perfecta de sucrte que la eorriente envre solamente
en la superficie, hemos integrado rabre la seceidn.
Fn el interior de Is antena, A depende solamente de 2z, porqué slif
> * aA 34 .
por ser p H = rot A resulta u ff, = E =Q0y-pH, = 27 = 0. Por ests razdn
podemos suponer, para calcular A ea el interior, por razones de sencillez el punto

campa en el eje del nlambre, valiende entonees
2 R=d+ (-
siendo d el radie del alambre,

Teorema auxtliar. S8i I(2) es una funcidén par (impar} de 2, la integral
de la (1) también es par (impar). Fsto se comprieba decomponiendo Ja integral
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L1} L
en los dos sumandea f ¥ f , haciendo en la primera ta substitueidn ¢ = — ¢y
=L ¢

suprimiendo luego el tilde en la letra de integracion. El resultado asi obtenido
gueda invariado (cambia de signo) a cambiar z por — z segun 1(2) sea par o impar.
La paridad de 1(z) depende del modo de excitacion. En el caso de antenas de
transmisitfn y de recepeion nos interesaran unicamente las 1(z) pares.

Las condiciones de conlorng,  Primero vale
3 Hth)=0
Luego se caleula E' mediante los potenciales retardados por
1‘ = — grod ¢ — im} .
Aplicando dsto a la componente 2 resulta

d¢ .
E =— —— .
(4) 2 P dud
Teniendo en cucnia la relacidn entre ¢ y A
(lwA =+ l? %% =0
que en nuestro case toma la forma
6A
(5 Frury cg b=
podemos eliminar ¢ de Ins (4) ¥ (5) ¥y ahtencmos
W ik E, = I?__,"l + kA
€ azs
donde
(M ko= =.

]

La segunda condicion de contorno es distinta segun so trate de oscilaciones
libres, de una antena receptora o de una transmisora. En el caso de oscilaeiones
libres los bornes estan conectados a corto circuito y corno en el interior de la antena
la componente tangencial

(Ba) E =0
resulta por integracién de la (6)
{On) A=acoskz+ baen k2

dondle @ y b son constanter arbitrarias ¥ no funciones de x e g, porque como ya di-
jimos A en el interior depende stlo de z

Igualando la {1) eon la (9a) obtenemos para oscilaciones lilirea, suprimiendo

en ¢l primer miembro % ¥ dando & ¢ ¥ b otroa valores
T

+L
R
(10a) f f(;')-—--~d;—acoskz+bsmkz

Lk
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Con b = 0 resultan por e mencionado teorema auxihar las oscilagiones pares,
con a = 0, las impares con un nodo en z = 0.

Aqui se trata de encontrar los autovalores k que resultan por las con-
diciones de contorno (3) y calcular | en funcidn de z .k = w/c (vease la (7) resulta
complejo con la parte imagmana posi-
tiva, lo que garantiza el amortigua-
miento por radiacion. No entramos en
mayores detalles referentes a este caso
tratado por Hallen.

Consideremos ahora el caso = [ -
de la receptora suponiendo que los
bornes, como en el caso anterior, esten
conectados a corto circuito y que por
razones de sencillez, la onda de ampli-
tud Ep incida normalmente ala antena.
Para que el campo en €l interior se Fig. 1
anule, el E; enla (6), que es el campo
producido por la corriente en la antena, debe compensar al campo incidente E,
vale decir la (6) se convierte en

A 2 ik .,
a2 TRA=="T

v, por integracién,

(W) Ad=- %’+acoskz+ Lan ke

Por combinacitn de (b)) con (1) resulta

L
—ikR
[ f(i‘)gTdr=D+acoskz+bsenkz

L

teniendo In constante cdada el valor

1xi By B L
1 D=0 Lz
an nhe 8p
pues

¢ L J_‘: 30 Ohx
= — —— =g =
Vep drx I P "y

a2 ﬁ=kL=?’;—L

En este caso, en contraposicitin con el de oscilagiones libres, k = w/c es
real y cosignificala frecuenoiaciclicade laondaincidente.
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Puesto que D, como constante, es una funcion par, podemos decomponer
la corriente en | e |, valiendo

+I e .
[ I(j') d¢t=D4+aconkz

L

+ &
e'lkR
[ ) 7 df = baenkz

L

La sepunda, de estas dos ecuaciones represcnta una oscilacién libre impar
que no existe siendo & real.  Por osta razdn es b = 0 y obtenemos para la enicena
de vecepeidn a corlo circuilo:

+ L
—ikR
(10b) f 1(;}‘R dt =D+ aeos ks.
~-L

Para transmisoras segnimos en primer lugar los razonamientos de Ilallén.

Ll integra la ecuacidn (6) sobre ¢ segmentn infinitesimal entre los bornes. Si
lamamaes U el voltaje de alimentacidn, de manera que

+0o
f Edz=-—U
-0

(13) LAy

resulta de 1o (5)

dz

ety

porque A queda finito.  Como por otra parte segin la (i3} en ambas mitades de Ia
+L

untens vale a—A + ¥ A = 0 ¥ como la integral f I (j‘) d;’ debe ser una

-1
funeidn par de 2z, Hallén conluye que

+L
SRR

—3—] I(I)L——-d;'=acaske+bsmklz].

4 . F i3

resultando por la (13) que

LU

=y —

2

Asi obtiene, dividiendo por -f—- y significando la constante a de otra manera
T

o
{10e) [ I({') dr=amkz—%unk[ |
~L

{p = 30 ohm comeo antes).
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Se ve de imediato que esta ecuacion no puede ser correcta, porque
la derivada del segundo miembro es discontinua, mientras que la derivada del
primer miembro es continua para z = 0, pues si se lo diferencia en la integral
respecto de z y se integrapor partes se anula la parte integradapor ser | (x L) = 0
y I(+0) = I( -0), quedando

+i or
al e'
.[ 9t R a*
-L

A esta integral, la region entorno az = 0 no contribuye nada porque el nucleo
queda finito e | es continua.

El error consiste en el hecho de que la ecuacion a derivadas parciales
AA A KA = ~ pj

con la condici(5n de contorno (13) en el interior de la antena, no tiene la solucion
(1) sino que vale segun el teorema de Green

4=_[ [&) kR ;-——f

<+

-lﬁ.R

de .

La integral de superficie se refiere a la seccidn de la nntenn en z = 0 y eomo
Al
[F ]

como constante puede sacarse do la integenl obtenemos [a integral

-0
kR
f 7 de .

8i llamamos  a la distancia entre un punto fuente de esa seecidn y el cie, tenemes
que B2 = 2% + 1} do = 2rudu y RAR = udy, do maners que

Vards
2:[ PRALL ) R 2_"'[0—(& VEYS e_;k!,l:l
ik

el

. __H____ | eV EER ke
A= fl(g‘) —dr 20[ ¢ ]

Por otra parte vale semin 1 {6), coma en la antena es B, = 0

A
Byl +

+ &* A = 0y teniendo en cuenta, la (13) obtenemos Ll integral
A=acoskz — il sen kizf.
2¢

Igusalando eatas dos expresiones, dividiendo por -41- y dando a e otre signifiesdo,
r

obtenemos

L
L v [ ik VELS -uelar]
a8 f 1@t =oamke+ 5| o m

L
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o con otre valor para Ja constante arbitraria e resufta

+L
oo TRA U ——3 iU s
(e { I(r)———é—-dg’zamkz+?;cask\/d“+z’—2—pscnk\/d'3+z’
dor

Esta es la ecuacion integral rigurosa para la corriente de la transmisora. En ella
ha desaparecido la molesta discontinuidad de la derivada del segundo miembro.

Para |z| 32> d, vale decir con excepeidn de [a regidn de los bornes podemas
reemplazar (d° + Fal por |z| ¥ obtenemoa aproximadamente, can otro significada
de a, la etuacidn de Hallén {10e).

Ahora dos palabras de ebimo Hallén resuelve su eenacidn infegral.

+L .
ﬁ-—ﬂcn

Coma ¢l integrando de f Iitsy) R d{ ticne para ' = 2 un mdxime pronun-

-h

ciado (B® = & 4 (r ~ 2)°), 8 separa do esta integral 12 parte

4
1(:)[ %v——f(z}.ﬂx(z)
-5
¥ eseribe, por consiguienic, el primer miembro

+1
1(,)n><(=)+f &,R;I@df

En ¢ata Gltima intogral numerador y denominador se anulan, s se des-
precia el radio 4, pere el coctente queda finito, de manera que podemos reemplazur
R por |§ — z| ¥ oblenemos

+L e
.y [0,

ft— |
giendo

+L x 1
@) = __d¢ - at __af
@ [.r VEL (- 2P f V£t (z— P T V& + -2

- =L

o, por la sustitneidn 2 — ¢ = wenfa primeray ¢ — 2 = u en la segunda de estas
doa integrales

L+a L—x -
a><(z)=f LJF[ du___ et VEFOED 4
a

V2 u? , Vit 4 ol d
nl—-z+Vc€’+(£-—z§”
d

+1

Esta funcién tiene el valor 9% (0) = 2in % , ¥ varis lentamente con las 2 crecientes

st L/d>> | y se aproxima recién cerca de los extremos 2 = + L ef valor minime
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0% (£ L) = ln (4 Lid) Resulta, pues, una aproximacion si se reemplaza 2% (z)
por la constante

x—- —
Q% =21n T

8i L-d=> 1 puede eseribirse 1a.(10 ¢) después de dividic por £ ¥ eon otro
significado de a

+4
¥y L
() =aecos ks — iU sen k|2 -T;;/ 1)« I(‘z)dt
i

Zp0% lF — 2

Gracios al gran valor se 0% (por ciorto que %, para £.7d = 100 tiene ol

valor 10,00) puede despreciarse primero la integral en el segundo miembro.  Asi
resulta un valor aproximado de | que

7 corresponde a la teoria elemental y que

""-4‘
AN

puedo .sustituirse, por €l gran valor de
slx, en la ntegral, Finadlmente a debe
deternmin=e de  tal manera que
f(+£) = 0. De este moda resultn f (2}
v o
7, 0 ¥ ademds es fun-
eidn e z ¥ depende de los parimoetros
% ¥ 8 (véune In (12)).  Lsta [unvidn se
cxpresit por medie de seno-integrales
¥ coseho-integiales,

proporeional a

Conesta aproximacion IIAsLLEN
{1738} ha caleulado otra més en la gue
Mguran tambbién térmilms en 1L,
Pura ésto tuve que eadeylar tablas de
seno-integrales y coseno-intograles iteradas, procedimiento bastante complicado
cuya continuacion es practicamente imposible.

Fig. 2

Il. EL METODO NUEVO

Por esta razon homos desarrollado un nuevo metodo de solucion que vamos
a presentar ahora

Desarrollamos 1(2) en una sorie de Fourier, y como | debe ser una funcion
para que £ anula paraz = % L, tendni la forma

=

(16) Iy = I C, eos
A=l

2rn -1 7z

2 I

Hsta serie la substitufmos en ¢l primer miembro de las eenaciones (10).
Asf obtenemos una funeidn de 2 gue tumbién desarrollamos en serie de Fourier de la

misma lorma, multiplicando por -Ll— 03 2?112—-_[ X2 dre integrando de 0 a .
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Dando a m joa valores 1, 2, 3, ... obtenemos el sistema
g CidgaCed o F g Ot =g et T
g i F g+ .+ Ot ... =past ]y
& 1
G Oy 4 g 02 + o O+ ... =gaat T,

. . 1
Aqui podemos suprimir ol factor comiin — 12_1 de lus T' en ¢l segundo
p

miemhro, a que los C seran proporcionales, para volver a agregarlo a final si se
trata del problema de la transmisora. Segiln se trate del problema de la trans-
misora o de la roceptora tenemos distintos T que correspondem a desarrollo
de sen kz o de 1 respeetivamente, poniendo en el ultimo caso D = 1 (ecuacion (11))
como factor de proporcionalidad para agregarlo al final.

Vemos que las distribueioncs de las corrientes transmisora y receptora
constituyen dos problemas fundamentalmente distintos por la diferencia entre
las eeiaciones (10c) y (10b) y quo no pueden reducir-seel unoal otro('). Sisetrata
unicamente de la corriente de recepcion 1(0) y no de su distribucion alo largo de la
antena receptora, entonces 1(0) puede expresarse mediante las propiedades de la
transmisora gracias a teorema de reciprocidad.

Las constantes g, e ¥ [ se calevlan en «l apéndice.  Ya sin cdleulo
B8 VE (QUE fhy = Gum DOTQUE

L +5 .
1 2m—1 72 [ 2n— 1 xp K
Bon = — oy ————— == yf 2 £oy — g

1 2 i 2 L b4

L

2 L ’ 2 I

4 4 + L w
=Lf ws&_l T—zftz rrr.-r2“‘_l%i—‘-" di
-L =T !

y esta integral doble no cambia su valor si se cambia z por f lo que es
equivalente al cambio de m por n.

Practicamente se tratara el sistema (17), de un numero infinito de in-
cognitas C y la constante arbitraria a, de tal manera que se corta despues del
n—esimo sumando. Entonces quedan n eeuaciones con n + 1 incognitas. Segiln
el melodo de Hallen hay que determinar a de tal manera que se cumplala condicion
I(xL) = 0. En nuestro proccdimicnto esta condicion se cumple automati eamente,
asi que a se determinara por la convergencia del sistema.

El siguiente razonamiento sera plausible para uraa solucion aproximada:
A pesar de que laintegral en las eeuaciones (10) no se anula en los extremos de la
antena, la hemos desarrollado en una serie de cosenos de los multiplos impares

de % ..:_ , vule decir hemos prolongado In integral més alld de Ly — L eomo lo

muestrs la figura 1. Fsto signifies, segin la teoria de 1aq sevies de Fourier, que re-
sulta 0 para 2 = + L, pero también que para z = I, — & el valor representado
por la serie se aproxima tanto mds al valor exacto cuanto mds términos de la serie

("} Para uns antena corla (L€M), I como funcidn de gL es para la transamisora, oo,

primera aproximacién, una recta quebrada en £ = o, micniras gue para la recepiora 4 eortu
circuite ¢ uns pardbola de oje vertical 2 = o
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se tienen en cuenta. En la proximidad immediata de z = L la convergencia es,
por esta razon, mala. Mejoramos, pues, nuestro resultado cligiendo a de tal
manera que la ecuacion integral vale rigurosamente paraz = * L en la aproxima-
cion deaeada por nosotros. Esto quiere decir que es para transmisoras:

+L
VET IR ar il
18 ) e R e = at0s  — —— gen
w [, i FIC -5 25 """
¥ para receptoras;
=acosf+ D

Si susbstitufmos en estas ceusciones el desarrollo en serie (16) resulta
una ecuackdn de la forma

{19) MO +h G+ .+ O+ .. =acos -+ 8
¥
{107 =qeos 841
if7 — E, L

respectivamente, bebiéndose suprimido loa  factores — —2—-—~ y D= 3
I3 P

respectivamente {véase la (11)). Lus h, se encuentran ealeuladas en el apéndice,

El sistema (17) juntamente eon las (19) da entonces, cortando despues
del n-esimo sumando, n + 1 ecuaciones paralasn + 1 incognitas C;, C; . .., C,
y d. El problema se hareducido asi alaresolucirin de un sistemaden + 1 ecua
ciones lineales e inhomogeneas para la transmisora y receptora, mientras que para
oscilaciones libres €l sistema es homogeneo y se presta para la determination de
C,:Cy:...Cy:dy de los autovalores k.

I11. LA ANTENA RECEPTORA CON CARGA

Si se trata de determinar la distribucitfn de la corriente en una receptora
cargada, pucde calcularsela por superposicidn de la corriente 1,(2) de una receptora
a corto circuito, vale decir

+2 e
(200 i 7 dt =D+ acos ke
-t
ad . .
en la que pars z = 0 vale _6_2_ = 0 ¥ de la corriente f3{z) de una transmisors en

la gue el voliaje de alimentacién F es reemplasado por — (I, + o)y £, miendo
Z. la impedancia del aparate de recepcidn, segin

+L

—TkR ;

@ [ L) dt = 5 (o Faly 2+ dy cos kez
Joap p

Despues de haber resuelto la (20) por nuestro procedimiento, se substituye I;
en la (21), paralo cua es particularmente ventajoso que |, resulte de la (20) ya
en serie de Fourier, y luego se resuelve la (21) analogamente alos casos anteriores.
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IV. ALGUNAS PROPIEDADES DE LOS COEFICIENTES
Y RESULTADOS NUMERICOS

LAt e (M 7= 1) 900 funciones de § = kL = % , mientras que les g,,,

son también funciones de g ¥y ademds de @ =In4 L 4. &i se climina, medisnte
1a (19} a de lag (17) resulta un sistems de n ecuaciones euyos eocficientes diagonales
son grandes, para L/d > 1, frente a los otros coelicientes, lo que es ventajoso para
1a resolucién del sistema.  Ademis resulta que en el easo de resonancia (cos kL = 1)
g0 anulan todos los g, menos unro, ¥ que, ademis, el factor de a en la (19) ez evro,
Iisto significa que, por cjemplo, en ¢l cado de resonuancia con la oseilacidn
fundamental — mejor diviames: en el ease de resonancia aparente (véase lo gue
sigue) — [a primern ecuacién (17) no es necesaria para caleulur las &, pucsto que
¢l sistema os, en este caso,

g O+ g € 4.+ e O = Ty
o Cr+ g G2 +..

2
ful Cl + e 02 +...+ Fan Un = T,
Ay Cy 4+ hy O+ .k, O =1

Gracias a los valores gramddes de las g, Tesulta pues, despreciando los
ctladrados y productos de sus reeiprovos

h i
O =h [;__’*1(1-, _&)_FL T “i).. ]
! ! d \° Ay g\ ° by

1 [T
24 C=— {2
(24) 1=\

1 it )
WA
i a1 8 Ry e

vale deeir, la amplitwl de la oscilacion fundamental es grande en comparacisn
con ia de las armdniczs ¥y para antenns extremamente delgadas (2 22 1) existe
inicamente aquellz y la corriente, eomo on la teorfn elemental, ea sinusoidal,

Se podria, por supuesto, tener también cn cucnta Jos cuadrados de 1,78,
pero es mds ventajoso no desarrollar en potencias de 170 sino cortar el sistema (21)
después de un cierto €7, ¥ luego resolverlo de la manera usual.

Besmeorap (1951) ealeuld los coeticientes € para L/d = 100, vale deeir
@ = 59915 y # = =2 tanto para lu fransmisora como para la receptora, ¥ eh
varigs aproximaciones, Los resultados son los seguientes:

[]

TABLA 1 {veaxssiuachka)

12 ppEROXIMACION 2.8 APROXIMACIIN 34 APROXIMACLGN 4.0 APROXIMACLEN

€, =0,3566-+0,6137 | ;= 0,337040,5671 | = 03473 440,5623 [ €,= 0,3452 40,5508
e ~0,0441 - 40,0182 | ;= - 0,0443 ~40,0187 | €, = - 0,0445 - iD,8180

(3= ~0,0023 40,0080 | {7, = - 0,0018 +i0,0087

1,m — 0,000 - 10,0045

Fatos niimeros tienen que multiplicarse por — ¢ Uf2p = —{ {7,700 para der
fa corriente en amperios 8 se mide {7 en voltios.
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De los coeficientes C determinados puede calcularse la impedancia en
primeras cuatro aproximaciones, que viene dada por la formula:

L 20
Z =3

TABLA 1I

Z en ohm 7 seglin Hallén

1.2 Aproximacidn ............. 73,13 442,54 o +id
2 P e 85,00 4745 33 64 B30,
3+ . U 83,80 -+45,64 80,5 +140
42 . 80,76+ (28,58 -

La figura 2 da { en funcién de &/, para £/d = 100,8 = /2 para la
transmisora. Las curvas llenas I, I y I I I representan la corriente total, la parte
real y la parte imaginaria respectivamente, tai como resultan de los C de la cuarta
aproximacion (Tabla I). Las curvas punteadas son las correspondientes a la so-
lucion de Hallen, pero en la segunda aproximacion, pues debido a la complicacion
del calculo, nadie ha calculado la tercera aproximacion. Unicamente para z/L = 0
existe un valor de Hallen que, correspondiente a las tres curvas, esta indicado
en el grafico. Se ve que estos liltimos valores se aproximan mas a nuestros resul-
tados y corresponden a los valores de la impedancia de la ultima columna de la
segunda tabla.

Para juzgar el grado de exactitud de los valores experimentales de la
impedancia Z, que tienen bastante dispersion, reproducimos en la tabla I I I los
result-ados de algunos autores.

TARLA U
Z en ohm AUTOR
83 + {50 Kizna (1948) (9
™+ 55 Nrown & Wuoowakb (15)
82 + 30 Cocaane (Sxred, 1049)
7+ 0 RoasrLer, Vieem & Voaor (1631)

Se ve por la tabla Il que nuestro metodo es mas convergente y, ademas,
mas sencillo que el de Hallen. Pero no podemos eallar que en resonancia aparente
(por ejemplo B = m/2) el calculo es mas convergente que para otros valores de 3.
En particular para anti-resonancia (8 — ) es necesaria una modificacion del
procedimiento, principalmente para valores pcquefios de z/L.

Para el problema de recepcion resultan las C de las ecuaciones (17) y
(19'), eon los T, correspondientes (vease apendice formula (m)), las demas cons-
tan tes teniendo el mismo valor que para el caso de transmisirin. La tabla IV nos
da los valores de los C hasta la cuarta aproximacion, mientras que la tabla V da
los valores de la corriente I(0) para la antena en corto circuito.

() El valor mcdido para un L/d un poco distinto fue interpolado por nosotros para
Lid = 100.
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TABLA IV

{RECKPTORA)

1% AFROXIMACION

2.4 APRODEIMACION

Ak APROXTMACION

4% APRGXIRACION

Cy=0,3006 - 10,2207

Ci= 03766 -0,2314
Cy= —0,0123 40,0066

Jym= (,3863 - 40,2319
e ~ 0,0125 40,0069

C,=  0,366% - 02354
C,= - 0,0126 +50,0072

Cy=  0,0085 - i0,0034 | C;= 10,0057 - iD,0035

'y m — 10,0034 + i0,0020

Estos valores deben multiplicarse por Eq L /30 para obtener la corriente
en amperios.

TABLA ¥

APRDXINACIAN TN mx Ampsmuos

{0,396 - 10,220T)/%,L/30
{0,3A43 - 10,2248)
{0,3593 — 10, 2284)
{0,3549 - i0,2207)

V. LA RESONANCIA VERDADERA

El punto do resonancia (verdadera) so define como el valor de 3 para el
gue la parte imaginaria de laimpedanciaZ = R + iXseanula. Este 3 es practi-
camentc igual a [ para el que |I(0)] tiene su maximo, y se encuentra cerca de
8 =m/2, de manera que podemos proceder del siguiente modo para obtener un
valor aproximado:

En la serie de Fourier para I nos limitaremos al primer termino, asi que
de las (17) y (19) resulta

méi=mne+ I}

@5 hy Cy=cosf.a+ senf
Por eliminacidn de a ohtenemos
Tieos @ — g sen @
26 () =t
@9 YU omess 8- g
¥ por
iU
I =— 2, ¢,
= 2.0‘:(9'11 e08 § — gy hl}

@) ] z Pyeos g — g een g

Como 2 p = 60y el denominador de (27) son reales (veanse las formulas (k) y
(1) del apendice) se anula la parte imaginaria de Z si

(28) Re (gu cos B — O1 hl) =0
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Clomo esto acontece eerca de § = 22 resulta por la “regula falsi”

oy
(29) ﬁﬁ='ﬁ,.—ff2=—~lfc( o )
911+9‘1"&E“+151%‘ S= /2

0, numericamente

@0) =% " qaas

En pacticular para £L./d = 100, vale decir para £ = 5,991, resulta
g, = 1477

mientras que Kineg (1940) observé
8. = 1,480

L impedancia para 8 = 1,48 da en 1a, ¥ 2a. aproximacidn, regpectiva-
menic

2, = 01,76 — 10,03
7y = 07,76 — 16,48

Interpolando entre X = — (,48 y la 2a_ aproximacién de la tabla [T X = 15,80,
resulta un valor mejor de la resonancis verdadera (X = 0)

2x i
X

=8 =149,

es decic
L = 0237 »
en lugar de
1
I ==
4

seglin I teorfs, elemental.

Para 8 = 1,49 resulta en 2a. aproximacidn la resistencia de radiaeion
£ por interpolacién entre

fg=x/2 = 157108 R = 8500

¥ 8 = 1,48 B = 67,74
el valor para

= 149 R = 69,86

Pero como en 4a. aproximaeitfn segun la tabla II, R es mayor en la
proportion 86,76/85,09 a la 2a aproximacion, obtenemos

R = 71,2 ohm
para L/d = 100 y € punto de resonancia verdadera R ==149.
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VI. ALGUNAS APLICACIONES

a Area de absorcion de una antena. RUDENBERG (1908) ha mostrado que
la potencia absorbida por una antena receptora no puede ser mayor que

@1) P=gN
Bx

Aqui Ssignifica la intensidad de la radiacion incidente la longitud de onda.
Pero el idealizo la receptora considerandola como un dipolo de Hertz, vale deck
coino una antena corta frente a X y provista de una capacidad de techo tan grande
que la corriente a lo largo de la antena es constante(®). Es facil examinar si esta
relacién vale tambie*n para una antena rectilinea de longitud comparable con X.

Para hacerlo pueden deducirse las propiedades de recepcidn de las
de transmisitfn, utilizando el teorema de reciprocidad (GANS, 1947). Unade las dos
antenas a que se refiere € teorema es la que nos interesa, mientras que la otra
podemos considerarla como un dipolo de Hertz. Asl resulta que renunciamos a
deducir aqui la formula

- L
Uﬂ 1) ay

@) P :
%/;ria(l—-ag} j;!(r)cosksgodi‘

Aqui 7 signifiea ia corricnte en la antena de longitad 27 utilizada como trans.
misora y § la radizeidn incidente.

2

g SNy

Para kL << 1, el coseno en el denominador toma el valor 1 ¥ results al
(81}, es decir p = 1. listo demurstra que (31} vale mds gencralmente de lo que
podfa preverse segin la deduecidn de Rudenberg, es decir para cualquier antena
corta o independientemente de 1a distribucién de ln corriente, por lo tanto tumbién
gt I{+ L) = 00, mientras que Rudenberg demostréd su relacidn solamente para 7
independiente de 2.

Para 8 = x/2, es decir, 2L = A2 resulta, si substituimes I por la (16)
¥ nos servimos de los €, vélidos para la tranymisors, ¥ dados por la 4a. eclumna

de la tabla [:
p=1,104
Como nos hemos limitado a 8 = »/2 este p nos du un limite inferior del
4rea de absoreidn de una antenn rectilinea.

Si hubidsemos despreciado las armdnicas de la distribueidn de corriente,
habria resultado

p=1,004,
es decir un valor inferior en sélo 19%.

b) La corriente de reception de una antena con carga. Otra aplicacion,
cuyo resultado damos tambien sin deducion, y basado en el teorema de reciprocidad

(¢ La formula (31) vale tambien para una antena de cuadro cuyas dimensiones lineales
son pequenas frente a X.
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es la determination de la corriente de recepcitfn de una antena cargada. Se trata

de expresarla por los coeficientes de Fourier del problema de transmision. Resulta
a=-1 Cn )

- 4E, L z(-1) 2r -1

x 2p1+ Z,-2C,

donde E, es la amplitud del vector eléctrico de la onda incidente, Z, la impedancia

de carga p = 30 ohm ¥ los €, son los coeficientes de la tebla T que se refieren al

probleme de transmisidn.

Para corto cirenito (£, = Q) obtenemos, en particular

(33)

- 2En n—1 Cn
(34) = TR R R

Si, en cambio Z, —» = resulta de la {33) et voltaje en los bornes de la antena no
eargada

Z(- 1yt

z C,.

No es necesario, pues, resolver el problema de reception como lo hicimos
en 1V, si se trata solamente de la corriente de recepcion y no de la distribucion
alo largo de la antena.  Si, a pesar de esto, o hemos hecho para la antena de re-
cepcidn a corto circuito (1V), obtenemos para la antena cargada sencillamente

10 =1L,{0) ——

(35 t,z,;?-“"’l‘
L

/-I-J

significando | e |y las corrientes de reception con cargay a corto circuito respecti-
vamente, Z y Z. las impedancias de la antenay la de carga.

APENDICE

En este apendice damos los valores de los coeficientes que aparecen en
el texto de este trabajo.

1.m

L ti
gmzrf cosyzde coral e PRV ra o P10 m e
0 -L

con laa abrevinciones

2n — 1, Im—1=x
= 2 1'7 2 L
Resulta
(-—-I}m‘h'
(a) m(ﬁ“«*":’ﬂx«)
sicndo
2L
(b) z“=f mwe-'*"%‘
a

¥ Zy ol valor que resulta si cambianos « por .
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Vemoa que
gﬂ’“ = gﬂ!l L
2¢
Za _ B[sen 26+ i{l + cos26)]
(© Gon = Ko+ 5L 2L - P
siendo
21
~ f
d = coseru T —4
¥ A, como en el texto,
2x L

A

. . 2n — 1 .
8i, en purticular, 8 = aL, = = (resonancia aparente), g,, pasa a ser

5n 1
o = K —_— - —
(‘) Fon k+2df; 2

21, a7
irus K= - du

¥ = gen kwe e’ * cor ke oY ———-

. . L

e ¥ K, pueden reducirge a funciones conocidua ¥ tabuladas,  Por la (b) resulta

gicndo

(o) %, =-;—S(2mr,+ 2ﬁ)+-%—8(2n£ —28)
-~ %'0(20:1‘ +28) + %l’?@aﬁ - 28)

() K,=%— %[C(?a[;+ 28) + C(2al ~ 28)]

~ S [s@aL +28) - $@al - 29)]

con la abreviacién

3 ﬂ=ln:1'-'-[‘-

) S(x)-=f ’“’;’dx
L]
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e seno-integrd, representado en generd por S(X), v

) C) = [ ‘—"gdz
n .

que estd relacionada con ¢l cosenc-integral Ci (z) por
Clz) = vy x — Cifx)

(fny = [i,5772. conatante de Euler-Mnscheroni},

3.0 Luego es
L
1
Om =I-f coskzcosyzdz

0
= {_ 13m-1 ¥4 . con B
) = O s

y en el caso de resonancia § = v L

Ly . —L

Para transmysoras valo

4.°

L
(])T'.,=-£—/‘ mkz.cos?z.dz=m[ﬁ+(— l)""yLsenﬂ]
Ja

y en resonancia {§ = v L)

p J .t
© Tn=3%8 = @m 1=

En cembio pam recepfores
1
(m) [y = — oo ygadz =T = Al %
T

5.° Ademds

() ho= (= 1) 3,
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DISCUSIGN

FRANZ: SO VE que la convergencia numerica del calculo en el caso de resonancia es
muy buena. Es posible decir algo sobre la convergencia en el sentido matcmatico?

GANS: En el sentido matematico hay criterios para la convergencia de un sistema de
un numero infinito de ccuaciones lineales. Los criterios son, si no estoy equivocado, suficientes
y necesarios. En el caso practico, el problema de la convergencia es algo academico puesto que
s nos limitamos a 4 terminos por ejemplo, no importa si el sistema es convergente 0 no
convergente. Recuerdo el caso de series semi-convergentes que tambien pueden aplicarse practi-
camente. Sin estudiar la convergencia o no convergencia hemos calculado hasta el maximo
de 4 terminos y nos hemos convencido de que esta aproximacion es suficiente, es decir, hemos
substituido el resultado en la ecuacion integral y hemos constatado que practicamente el primer
miembro y el segundo miembro dan el mismo resultado. Esto quierc decir que esta cuarta
aproximaeién es suficiente

VALLARTA: Para el caso de la antena de cuarto de longitud de onda que presents el
prof. Gans, las medidas de impedancia estdn en execlente acuerdo con la teoria del prof. Gans.
Recicntemente tuve la oportunidad de conocer algunos result-ados de Collins y estos resultados
experimentales son cas identicos a la cuarta aproximacion del prof. Gans. De manera que
hay perfecto acuerdo entre la teoria del prof. Gans y el experimento, pero quisiera preguntar
s ha ensayado esta misma teoria para otros casos, digamos para €l caso en que la antena es de
media onda.

GANS: Esto es sumamente diffcil en el caso de la anti-resonancia, la convergencia es
muy mala, es decir, se puede, por un artificio particular, calcular la distribution de la corriente
que esta de acuerdo casi a lo largo de toda la antena, pero en el centro donde es mas intercsante
fracasa el metodo. Yo creo que hay que busear otro melodo para calcular en anti-resonancia.

GROSS: Cuando se sustituye la expansidn de Fourier, se obtiene una integral que a mi
me parece muy complicada, como se puede obtener la solution de la integral?

GANS: Se sustituye la serie en la integral y luego s desarrolla la integral segun una
scric analoga alade |, es decir se desarrolla A en la misma forma que |; entonces resultan estas
constantes por cuadraturas relativamente sencillas.



Nine Channd Coinddence and Anticoincidence Apparatus(*)

GUNTER KEGEL

Ingtitute National de Tecnologia, Rio de Janeiro, D.F., Brasil

We want to describe an apparatus for cosmic ray work which differs from the
apparatus generally used. The difference is that the apparatus to be described allows for
taking seven measurements simultaneously.

DESCRIPTION OF THE CIRCUIT

The general structure of the apparatus is given in fig. 1. There are
nine input posts for the pulses coming from the counters  The inputs are arranged
in groups. The inputs 1 and 2 form the group I, the inputs 3, 4 and 5 form the
group Il and the inputs 6, 7, 8 and 9 form the group | I | . The pulses feed to the
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Fig. 1. Hloek-dingtum uf the apparatus without power
supply.

posts are amplified and equalized by preamplifiers, each of which is working
with two 6SN7 tubes in RC-coupling. The first 6SN7 works like an ordinary
amplifier without pulse shortening, while the second is used in order to get the
desired pulse shape. This is done by sharp differentiation. Positive feed back

(*) Supported by the Conselho Nacional de Pesquisas.



446 GUNTER KEGEL

is used in order to reduce the rise-time of the pulses. The preamplifiers may
produce either negative pulses of about 3 1 sec. duration or positive pulses of about
8 U sec. duration. The amplitude of the pulses is approximately 12 volts. The
preamplifiers are followed by the first Rossi shape. Here the pulses coming
from the preamplifiers are mixed to give either coincidences or in anticoincidences,
according to whether positive or negative pulses are used. A switch is used to
obtain coincidences, anticoincidences, or to block the Rossi-tube when necessary.
With the switch connected for coincidences, a positive tension of 6 volt is applied
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Fig. 2. Diagram of tho preamplificr; pulseshaper, 1% Roasi-tube and eathode-follower.
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tothegrid of the6CbRossi tube. Thusthe grid wire requires no shielding, because
the pulse is insensitive for small pulses induced on the grid. A shielded wire
would increase the pulse duration and reduce the pulse height. With the switch
connected for anticoincidences a negative tension is used and positive pulses
are applied to the grid.

The load resistances of the Rossi stages are 70KU for the group I, 60KQ
for the group I I, and 50KU for the group I I I . These values are choosen so as
to give pulses of the same height in all three groups. The tendency is to keep
the resistances low in order to minimize the effects of distributed capacities. The
output pulses from the Rossi tubes are
fed into acathode followed and then to
thedistributionlines. It has been found
necessary to use cathode followed in
order to avoid shunting of the load resis-
tances of the Rossi tubes by the capacity
of the lines.

The distribution lines take the
pulses to the first discriminator tubes.

The first diseriminator and the second

Fig. &
Rossi-tube. The pulses coming to the output
are takon to tho anodes of the other second
Romi-tubes and also to the second
discriminator.

The pulses from the different groups are
mixed in the second Rossi stage. In this
caxe too we can choose coincidences or
anticoincidences, using negative or po-
sitive pulses. For anticoincidences the

Rossi tubes are biased far beyond the cut-off and they recline pulses directly

from the distribution line without discrimination.

The discrimination of the

pulses is done by the Rossi-tubes themselves properly biased for this purpose.
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From the block diagram one sees that there is the possibility of mixing
the pulses of thegroupsl and I I, Iland Il , 11l andl,and I, Il and111. The
pulses obtained in this record mixing process pass through the second discriminator
and trigger an univibrator, which by means of a power tube operates an output
recorder.

There is also the possibility of counting directly the pulses coming from
the groups I, 11, I'11. For this purpose the pulses of these groups, after passing a
discriminator, trigger an univibrator which in its turn operates the recorder.

The power supply is of
the usual type. The high tension
for the G. M. counters is stabilized
with hard tubes and can be
adjusted in steps of 200 volts
from 600 volts to 2000 volts. For
fine adjustment of the voltage on
the G. M. tube we apply a tension woThe veewr [ vaowr [ cimsmiew
variable between — 100 V and + v e ov

200 V in steps of 30 volts to the Fig. 4. Tho second discriminaior, univibrator and

" " i the output-tube. The pulses fed to the imput cote
cold” end of the load resistance from the second or from the first inasi-tubes. In the
of each commuter tubes. Another Iatter case tho valuew in Brackets are userd.

electronic circuit is used for

stabilizing the 280 volts need for the amplyfying and mixing systems. The
negative tensions for the grids are obtained from tops of a potentiometer, the
tension on the extremals of which is maintained stable by a VR tube.

The principal features are:

a) It is possible to make up to seven measurements simultaneously
using all groups and group combinations. This gives a lower statistical error
than when the measurements are carried out successively.  Also the measurements
are less effected by fluctuations. Though fluctuations in general are not very
important they cannot be neglected if measurements are made f.i. on board of a
boat or plane.

6) It is possible to determine the same event with electrically
independent circuits. This gives an efficient method for testing the apparatus
under actual working conditions.







High Intensity Acoderated Particle Beams Emerging Through
Dynamically Reduced Pressure Stages

E. SCHOPPER AND B. SCHUMACHER

Forschungsstelle fur Physik der Sratosphere, Weissenau, und Technische
Hochschulu, Suttgart, Deutschland.

The absorption of corpuscular beams has been found a convenient
method for measuring non-stationary states of the temperature and density of
gases, especialy at low pressures (SCHOPPER & SCHUMACHER, 1951). An apparatus
supplying high intensity beams of accelerated monokinetic particles was devel oped
in the following manner: The beam of electrons or protons, accelerated and
focused in well known manner in a vacuum tube, emerges into the gas room
through a set of diaphragms, detaching chambers of gradually reduced
dynamically maintained pressure, by connecting each of them to an air pump.
By means of suitable pumps a difference of 2 atm. against vacuum can be
reduced by 2 stages, by using diaphragms of 0,2 mm of diameter. Computations
and diagrams are shown.

Opposed to the usual method of foilcovered diaphragms, which is not
applicable for high intensities of the beam from thermal points of view, the
described method allows to issue eg. a current of 300 pA of 50 keV electrons
into a gas of 2 atm with the mentioned design of 0,2 mm of diameter. In the
same way monokinetic proton or deuteron beams from 100 keV to 12 MeV were
shot into gases of normal pressure.

Applications in spectroscopy, nuclear physics and electron-microscopy
are described.
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