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PREFACE

The subject of Radioactivity has expanded enormously in
recent years. It is undoubtedly the particular area of physics
which is at present receiving most attention and which holds
much promise of reward for investigations in the immediate
future.

The vast quantity of information relative to the natural
radioactive bodies, which was accumulated before the dis-
covery of induced radioactivity, is still essentially valid. This
material has been admirably presented in such books as that
of Rutherford, Chadwick, and Ellis in the text entitled Radia-
tions from Radioactive Substances.

With the discovery of “induced” radioactivity many new
aspects of the subject developed. The scope of these interests
varies from the simple application of radioactive tracer ele-
ments, as a tool for related sciences, to fundamental investiga-
tions dealing with the nature of the forces acting between ele-
mentary particles as revealed by “scattering” experiments.

It has been the aim in this text to offer an authentic histori-
cal development of each topic treated, and to list the pertinent
references in the literature. In some cases a complete treat-
ment would require a mathematical presentation more com-
plicated than seemed desirable in a book of this type. It is
hoped that the material presented is of such a caliber as to
make the text useful as a basis for a course serving advanced
undergraduates and beginning graduate students, and as a
valuable aid to research workers in the subject. At the end of
each chapter there is a list of problems of varying difficulty
whose solution by students might aid them in gaining a work-
ing knowledge of the subject.

iii



v PREFACE

In addition to the original papers in the various scientific
Journals, many of the published texts dealing with the whole
or certain particular parts of the subject have served as sources
of information. Among these, in addition to the one mentioned
above, it is a pleasure to refer to: F. Rasetti, Elements of Nu-
clear Physics; N. Feather, An Introduction to Nuclear Physics;
M. Curie, Radioactivity; J. Hoag, Electron and Nuclear Phys-
ics; E. Pollard and W. Davidson, Applied Nuclear Physics;
G. Gamow, Atomic Nuclei; W. Heitler, The Quantum Theory of
Radiation; G. Hevesy and F. Paneth, 4 Manual of Radioac-
tivity; and H. Smyth, Atomic Energy.

It is perhaps appropriate to express the hope that in this
important field no country, either because of fear or self-
complacency, will restrict for long its research program to a
few favored institutions and deny the right of free investiga-
tion to the large number of independent workers who in the
past have contributed so ably to the advance of the subject.

J. M. C.
Ann Arbor, Michigan
September, 1946
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CHAPTER 1
NATURAL RADIOACTIVITY

1.1. The Periodic Table. As early as 1815, W. Prout,! an
English physician, advanced an interesting hypothesis suggest-
ing a genetic relationship between the elements. Measure-
ments already made at that time indicated that, if the atomic
weight of hydrogen be taken as unity, then the weights of many
other elements were almost, but not exactly, integral numbers.
Prout suggested that these differences from whole numbers were
experimental errors and that hydrogen was a mother substance
out of which all other elements were built. Thus an atom of
oxygen was considered as being made of sixteen atoms of hy-|
drogen.

In 1864, J. Newlands? observed that, when the elements
were arranged in the order of their symbol weights, the tenth
was similar, chemically, to the second; the eleventh to the third,
and so on. This generalization, although ridiculed when first
proposed, has been termed the Newlands Law of Octaves.

In 1869, D. Mendelejeff * in Russia, and L. Meyer ¢ in Ger-
many, apparently independently, published almost identical
tables, arranging the then-known elements in vertical and hori-
zontal columns. The elements in any vertical column behave
similarly, chemically. From left to right along a horizontal
row the elements change from those with pronounced alkaline
properties to those with strong acid characteristics. The prop-
erties of the elements both physical and chemical are functions

t' W. Prout, Thomson, Ann. Pkil., 6, 269 (1815).
27, A. R. Newlands, Chem. News, 10, 94 (1864).
3 D. Mendelejeff, Jour. Prak. Chem., 106, 251 (1869).
4 L. Meyer, Annal. Chem. Pharm., 7, 354 (1869).
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ATOMIC WEIGHTS, THE CHEMICAL AND THE PHYSICAL SCALE 3

of their atomic weights and many of these properties exhibit a
periodic variation.

When the periodic table was first published, many spaces in
it were left vacant. By 1895, sixty-five elements had been
identified and classified. The elements as recognized at the
present time are shown in Table 1.1. Starting with hydrogen
as atomic number one and arranging elements in a numerical
sequence of increasing weight, the heaviest element is atomic
number 96, called curium, and every intervening number is
represented by an element. The position of the element in
this sequence is termed its atomic number. It will be seen that
this number represents the number of negative electrons in the
outer orbits of the atom and hence also the number of positive
charges in its nucleus. It thus determines the chemical be-
havior of the element. The four heaviest elements, whose
atomic numbers are 93, 94, 95, and 96, have been made from'
uranium by induced nuclear transmutations.®

For each atomic number or element there may be atoms
having one or more different atomic weights. These various
atomic weights are termed isotopes, and for any element they
differ among themselves approximately by small integral num-
bers of mass units. The isotopes for a given element always
occur with a fixed relative abundance.

1.2. Atomic Weights, the Chemical and the Physical Scale.
A scale of atomic weight measurement has been developed
based upon the relative combining weights of the elements in
chemical reactions. In this scale, oxygen is taken as a stand-
ard, with an assigned value of exactly 16.00. The correspond-
ing value for hydrogen is 1.00785.

Studies in band spectra indicated that oxygen did not con-
sist of a single isotope, as had at first been suspected.® A care-
ful investigation with the mass spectrograph confirmed the pre-
diction that, in addition to the isotopes of mass 16, there were

8G. T. Seaborg and J. G. Hamilton, Science, 102, 556 (1945); Chem. and Eng. News,
23, 2190 (1945).
8 W. F. Giauque and H. L. Johnston, Jour. Amer. Chem. Soc., 51, 1436, 3528 (1929).



4 NATURAL RADIOACTIVITY

also traces of isotopes of masses 17 and 18. Now, if it be as-
sumed that the mass of the abundant isotope of oxygen is ex-
actly 16, then isotope 17 was found 7 to have a mass of 17.0045
and an abundance of 0.04%; and isotope 18, a mass number of
18.0037 and an abundance of 0.20%. On averaging these
quantities, a value for the atomic weight of oxygen, on what is
termed a “physical” scale, is 16.00435; =+ 0.00008¢. It thus
follows that the atomic weights on the physical scale & are in
the ratio of 1.000272 to 1, to the corresponding weights on the
chemical scale.

1.3. Isotopes and Packing Fraction. With the precision now
attainable in mass spectroscopy, it is possible to express the
mass of an isotope to about six significant figures. Similarly,
the relative abundance of the isotopes comprising an element
has been accurately determined. No variation in this observed
abundance ratio has ever been found for any of the natural ele-
ments regardless of the geographical derivation of the source,
except for those elements associated with radioactivity.

The interesting observation has been made by Aston that
elements of odd atomic number have only one or two compo-
nents, whereas elements of even atomic number may have sev-
eral, in some cases as many as eleven isotopes. This fact is il-
lustrated by Figure 1.1, which represents the isotopic distribu-
tion in the odd-numbered element manganese (25) and the
even-numbered element tin (50).

On the mass scale in which 16.0000 represents the abundant
isotope of oxygen, the mass of the abundant isotope of hydro-
gen is 1.00813, and of helium, 4.00388; and of the neutron, the
mass is 1.00893. Now, it is clear that if the heavier elements
be regarded as constructed from the lighter components, the
masses do not seem correct. For example, two neutrons plus
two hydrogen atoms have a mass of 4.03412 instead of 4.00388,
as is found for helium 4. This apparent loss in mass of 0.03024

7{{. Mattauch, Phys. Rev., 50, 617, 1089 (1936); B. F. Murphy, i4id., 59, 320 (1941).
8 R. T. Birge, Phys. Rev., 13, 233 (1941).



ISOTOPES AND PACKING FRACTION 5

mass units is extremely important in determining the relative
stability of the element and the energy exchange in nuclear
reactions. Similarly, for oxygen, eight hydrogen atoms plus
eight neutrons might be expected to have a mass of 16.13648
instead of 16.0000, i.e., a mass loss of 0.13648. The mass loss
per particle in the packing or build-up of the oxygen nucleus is

£
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Fic. 1.1. Isotopic distribution in manganese and tin.

then one-sixteenth of this value, or 0.00853. This quantity is
called a “packing fraction.” If oxygen be taken as a reference
element, with zero value, then a table can be constructed show-
ing the packing fractions for all of the other elements. The
numbers are usually expressed in ten-thousandths of a mass
number so that the hydrogen-neutron value would be plus 85.3.
Such a packing-fraction curve, including all the elements on
which measurements had been made, was computed by Aston
and is shown in Figure 1.2. Those elements lying at the mini-
mum of the curve might be regarded as most stable because, in
their formation, the fundamental particles have given up a
maximum portion of their mass.



6 NATURAL RADIOACTIVITY

The packing fraction for an element of atomic weight 4,
consisting of N protons plus neutrons is thus given as:
4A—-N

N

1.4. Abundance and Properties of Uranium and Thorium.
Because the subject of radioactivity owes its origin to uranium
and thorium, and because of the very important role these ele-
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Fic. 1.2. Packing fractions for the elements.

ments are certain to play in the future world economy and world
peace on account of nuclear fission, it is of interest to know
something of their abundance and distribution. Uranium was
first discovered in 1789 by Klaproth, and in 1841 the metal
was first prepared by Peligot, by the reduction of uranous chlo-
ride (UCly). The metal hasa specxﬁc gravity of 18.7, an atomic
weight of 238.07, a melting point of 1150° C., and atomic num-
ber 92.. Thorium was discovered by Berzelius in 1828. The
metal has a specific gravity of 11.2, an atomic weight of 232.12,
a_melting point of 1845° C,, and atomic number 90. —

It has been esiimatemat uranium is present in the earth’s
crust up to about four parts in a million, while thorium is about
three times as abundant. Natural deposits of both elements




DISCOVERY OF RADIOACTIVITY 7

are distributed widely over the earth’s surface. The most
common natural form of uranium is pitchblende, which is
really an oxide of 1 uramum, U(UO.;h This ore is usually
found in pockets or veins in’sedimentary rock. Rich deposits
occur in Czechoslovakia, the Belgian Congo, Cornwall, and
most abundant of all in the Great Bear Lake region in Canada.
Carnotite is a yellow crystalline powder consisting of a vana-
date with uranium, sometimes up to 50%. Fairly large de-
posits are found in Colorado and in North Carolina.

Thorium is often found associated with the rare earth ele-
ments. Monazite is a cerium phosphate CePOy, containin ining
up to 10%, thorium and_about 1% uranium. It is found in
Ind_lg, Brazil and the United States. Chalcollte, a green crys-
tal, is a phosphatc of copper and uranium, sometimes up to
50%, and is found in Portugal and England. Orangite, tho-
rite, and soddite are silicates rich in thorium, found in Norway
and in the Belgian Congo. Thorianite is an oxide consisting
of about 659, thorium and about 109, uranium and is found in
Ccylon Samarskite is a tantalate of rare earths, , particularly
yttrium, containing up to 15% uranium and 49 thorium. Tt

is found in Russia, Indla Madagascar, and the United States,

Tt is apparent that no 1mp6?f§xﬁm nation is without a supply
of this crucial material.

1.5. Discovery of Radioactivity. While studying the phos-
phorescence of various materials in 1896, Henri Becquerel ® was
led to the dlscovery of radloactxvxgy He noticed that from
several uranium salts an invisible radiation was emitted, capa-
ble of traversing thin layers of opaque materials and affecting a
photographic plate. After a lapse of several months, during
which time the uranium salts were kept in complete darkness
with no apparent diminution in their ability to activate photo-
graphic emulsions, Becquerel concluded that the radiation was
not phosphorescent, that is, it was not dependent upon any
primary exciting radiation.[ It was also observed that the air

9 H. Becquerel, Comptes Rendus, 122, 501, 689 (1896); et seq.
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close to the uranium salts was electrically ?onducting so that a
charged electroscope could be discharged.

In 1898, G. C. Schmidt ** and Mme. Curie " independently
observed that similar radiations were emitted by compounds of
thorium. Madame Curie noted further that cerium, niobium,
ggd__tgggWx ht activities and that yellow
phosphorus was v&?Mphorus was not.
These mistaken conclusions were made because only the ap-
parent ionizing property of the substances was observed, and
humidity changes in the electroscope produced a similar effect.

Madame Curie noted that natural pitchblende U(UO,), was
more active than pure uranium oxide and that natural chalco-
lite (Cu + U)SO, was more active than the same substance
when prepared in the laboratory. She made a further careful
check on the radioactivity from various compounds of uranium
and thorium and found that the activity was proportional solely
to the amounts of uranium or thorium present regardless of
their state of chemical combination. Thus she decided that
the radioactivity must be an atomic phenomenon. These ob-
servations led to a tireless search for the source of the increased
activity in the natural ores. As a result it was found possible
to isolate from the pitchblende a sulphide of bismuth having
an activity four hundred times greater than that from the same
quantity of uranium. Pure bismuth sulphide was shown to be
completely inactive. It was therefore assumed that a new ele-
ment was present with the bismuth. This element was called
polonium.*?

From another portion of the pitchblende residue it was found
that an exceedingly active barium chloride could be fraction-
ally precipitated. The atomic weight of barium in this sepa-
ration was noted to be greater than the usual value. With this
precipitate it was possible to darken a photographic plate in
one-half minute, whereas several hours would have been re-

1 G, C. Schmidt, Annal. Phys. Chem., 65.1, 141 (1898).
11 Mme. Sklodowska-Curie, Comptes Rendus, 126, 1101 (1898).
2 P, Curie and M. Sklodowska-Curie, Comptes Rendus, 127, 175 (1898).
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quired by the same amount of any other compound of thorium
or uranium? It was therefore assumed that another new ele-
ment was present, associated with the barium. This element
was called “radium,”!* from the Latin radius, meaning ray.

1.6. The Chemical Separation of Radium. Pitchblende from
St. Joachimsthal, Czechoslovakia, served as the source for the
first polonium and radium isolated by Pierre and Marie Curie.
In this deposit the ore is associated with dolomite and quartz
at a depth of about 1500 feet. The phases of extraction are
shown schematically in Table 1.2.

TABLE 1.2, THE SCHEMATIC SEPARATION OF RADIUM AND POLONIUM
FROM PITCHBLENDE

PITCHBLENDE+BARIUM+H, S O,

1
RESIIDUE SOLUTION
Ra,RaD,Ba,Pa U,lo,Ac,Po
+Hot Na Cl +Na,C O,

[ 1 f ]
RES{DUE SOLU'T ION RES‘IDUE SOLU‘T|0N
Ra,Ba,Pa Pb,Ra D lo,Ac,Po U
+HCI +No,C O, +H Cl

RESIDUE SOLl{I’ION PRECI%lTATE SOLU‘T ION
Pa Ra,Ba Pb,Ra D lo,Ac,Po
SUCCESSIVE +H,S
FRACTIONAL ———
CRYSTALLIZATION PREGITTATE
CRYSTAL MOTHER LIQUOR lo,Ac,Po
{ HNOgH CI+NH,
Ra Ba —_—
PRECIPITATE
|
Po

Barium was added as a carrier for the radium, and the pitch-
blende was dissolved in sulphuric acid. The radium followed
the separated residue which after purification was converted to
a chloride or a bromide solution. After purification this was
subjected to successive fractional crystallizations to separate the

B P, Curie, Mme. P. Curie, and G. Bémont, Comptes Rendus, 127, 1215 (1898).
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barium from the radium. This latter operation as first carried
out was exceedingly tedious and involved scores of successive
crystallizations, each time leading to a crystal richer in radium,
until the final crystal was regarded as sufficiently pure.

In recent years the major part of the world’s supply of radium
has come from the Great Bear Lake region in Canada. Each
gram of aged uranium contains about 3.4 X 1077 grams of ra-
dium. From an annual production of about 400 tons of the
concentrated uraninite ore, which is principally an oxide of
uranium, 80 to 90 grams of radium have been recovered. Un-
til very recently the rejected uranium had little value except
for its application in the ceramic and glass industries, where it
was used for its ability to induce a certain coloration. The
current prices of these products are about $2.00 per pound for
uranium oxide, about $20.00 per pound for pure uranium
metal, and about $25,000 per gram for radium.

1.7. Properties of the Radiation. In announcing the discov-
ery of X-rays in 1896, W. Roentgen reported quite completely
mir properties. On the other hand, the
properties of the radiation® emitted by uranium and its com-
pounds were not at first correctly recognized. It was rightly
concluded that this radiation rendered gases electrically con-
ducting and that it would traverse layers of opaque materials.
It was, however, incorrectly concluded that the radiation could
be reflected by a mirror and refracted in a glass prism in the
same way as ordinary light. It was further reported that
when identical radiations were passed through two plates of
tourmaline, in one case with axes parallel and in another case
with axes at right angles, extinction occurred in the latter case
and not in the former, just as for ordinary light. The radiation
was also incorrectly reported to be strengthened when the ura-
nium was exposed to an electric arc.

Becquerel was not alone in making observations which had
later to be corrected. Two years later, G. Schmidt, in an-
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nouncing the discovery of the radiation from thorium, asserted
that the radiation was refracted by a glass prism in the same
manner as ordinary light.

In 1899, it was shown independently by Giesel * and by
S. Meyer and von Schweidler * that the radiation could in part
be deflected and resolved by the application of a strong per-
pendicular magnetic field. P. Villard showed that the portion
of the radiation not deflected by the magnetic field would in
part traverse thick layers of matter.®®* The deflected part of
the radiation behaved like electrons and was termed seta radia-
tion. The entire remaining undeflected part was at first termed
alpha radiation. 1In 1903, Rutherford showed that if the mag-
netic field was sufficiently strong the alpha radiation also could
be deflected, behaving as if positively charged.”” R. Strutt
found that a component of the radiation was highly penetrating
and was undeflected even in the strongest electric or magnetic
fields.® This component was termed gamma radiation and was
believed to be similar in nature to X-rays.

The resolution of these three radiations emanating from a
specimen of radium placed at the bottom of a small drill hole
in a lead block is shown in Figure 1.3. In this figure the mag-
netic field is directed out of the paper, and the beta particles,
being negatively charged and of small mass, are strongly de-
flected to the left. The alpha rays were ultimately shown to
consist of the nuclei of helium atoms stripped of their outer
electrons and hence positively charged. The undeviated beam
is electromagnetic radiation of extremely short wavelength.
Substances that emit any of these radiations are said to be
“radioactive,” and the science dealing with all phases of the
phenomenon is termed “radioactivity.”

M F, O. Giesel, Ann. Phys. Chem., 69, 834 (1899).
B S, Meyer and E. von Schweidler, Phys. Zeits., 1, 90 (1899).
1 P, Villard, Comptes Rendus, 130, 1178 (1900).

¥ E. Rutherford, Phil. Mag., S, 177 (1903).
B R. J. Strutt, Proc. Ray. Soc., 72, 208 (1903).
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In summarizing, the radiations from a fairly strong sample

of radium may:
\ 4. Render gases conducting, as shown by the ability to dis-
charge a charged electroscope,

. Cause materials to fluoresce, particularly those commonly
used with X-rays, such as platino-barium cyanide, zinc sul-
phide, and calcium tungstate,

BETA GAMMA

ALPHA

MNAGNETIC FIELD
ouT

Fic. 1.3. Resolution of the radiation from a radium source.

.. ¢. Affect photographic plates, as does ordinary light,
«d. Traverse material layers, opaque to ordinary light,
~e. Develop heat continuously in any matter absorbing the
radiation,
. f. Produce helium in the containing tube in an amount in-
creasing directly with the time,
- g. Develop helium outside the gas-tight container, if the walls
are very thin,

k. Develop another heavy gas, radon, within the sealed con-
tainer in amounts proportional to the time. This gas when iso-
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lated is also found to emit radiation and ultimately vanish
leaving a lead-like deposit, and

- i. Kill any living organism on exposure, if intensity is suffi-
cient. )

1.8. Atomic Disintegration. Until 1902, studies had been
confined to the properties of the radiation and to the discovery
of new sources. It was, however, generally thought that the
radiation was an invisible fluorescence due to some unidentified
primary excitation. It was subsequently noted that any sub-
stance, kept in the proximity of a radioactive body for some
time, became radioactive. This induced radioactivity could be
modified by subjecting the material to heating or by placing it
in a vacuum. In 1903, Rutherford and Soddy demonstrated
that the induced radioactivity was really due to a gas arising
in the original radioactive body as a consequence of its radio-
activity and diffusing away into its surroundings. On passing
the gas through tubes immersed in liquid air this emanation
from thorium condensed at a temperature of —120° C., and
the corresponding emanation from radium at —150° C.

It became increasingly clear as numerous natural radioactive
bodies were isolated that certain genetic relationships existed
between them. Thus for the first time evidence was at hand
that the atoms of an element, which from their very name were
regarded as indivisible, must, in the radioactive process, dis-
integrate. Every uranium atom could in succession eject sev-
eral light particles, each time leaving a new residual atom.

1.9. The Fundamental Particles. If by “fundamental parti-
cle” is meant an elementary unit that under no condition can
be transformed into one or more other particles, then no fun-
damental particle exists. At various times it has seemed cer-
tain that such entities as protons and electrons might be so re-
garded. On further investigation it must be concluded that
within a nucleus or on suitable collision, protons transform in-
to other particles, and electrons form from and convert into
photons. There are certain elementary particles, however,
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which although transmutable among themselves, seem to serve
as the building units for more complicated matter.

These particles are shown collectively in Table 1.3, and are
as follows:

a. Electrons—Electrons are particles whose electric charge is
indivisible and of value —4.8021 X 107'° electrostatic units.
At small velocities they possess a mass which expressed in mass
units is 0.00054862 and in grams is 9.19 X 1028, The term
“electron” with the interpretation now accepted, was first used
by Stoney.’* Credit for proof of the existence of these particles
is usually given to J. J. Thomson.? Streams of the particles
in motion in a discharge tube are called cathode rays. When
ejected from a radioactive body they are termed beta rays.
As the velocity (v) of the electrons increases so as to approach
the velocity of light (¢), 3 X 10'® cms per second, the mass
(m) of the electrons increases above their mass (m,) at slow
velocities according to the equation

M= — 1.1)

0

This change in mass with velocity was first experimentally
demonstrated by W. Kaufmann in 1902.2

b. Protons—Protons are the positively charged nuclei of hy-
drogen atoms that have been stripped of their orbital electrons.
Since each complete hydrogen atom is electrically neutral and
possesses a single orbital negative electron, then the electric
charge of the nucleus is positive and equal in magnitude to the
electron. Protons were first observed as positive “canal” rays
in a discharge tube, in 1886 by Goldstein.22 Twelve years later,
W. Wien % determined the ratio of their charge ¢ to their mass

J.'Stoney, Sci. Trans. Roy. Soc., Dublm,4 563 (1891).
3"‘ %VJ Thomson, Phil. Mag., 44, 293 (1897).
Kaufmann, Nach. Math. Plzy.r Klass, s, 219, 296 (1902).
2 E. Goldstein, Berl. Ber., 39, 691 (1886).
44:;lesg\?\’g)w.n, Berl, Phys. Gesell. Verk., 16, 165 (1897); 17, 10 (1898); Wied. Annal., 65
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m. The value of ¢/m, although highly inaccurate, was found
to be the same regardless of the kind of gas in the discharge
tube and was very small compared to the value of ¢/m found by
J. J. Thomson for electrons. In a more accurate study of the
canal rays, Thomson 2 noted that he sometimes observed a
value of the order of 10,000 electromagnetic units per gram

TABLE 1.3. THE FUNDAMENTAL PARTICLES

ELECTRIC CHARGE MASS
-+ NEUTRAL — UNITS | GRAMS
PROTON NEUTRON M, 1.007 2
W.Wien (1898) J.Chadwick (1932) 1.66X10
J.J. Thomson (1906) I.Curie  F.Joliot Mn 100893
MESON MESON e
{KESOTRON C.Anderson ond ~nO.1 18Xi0

S.Neddermeyer “M

POSITRON NEUTRINO ELECTRON .
C.Anderson (1932) | NO DIRECT EVIDENGE | J.J.Thomson (1897) | 0.000548| 8.19X 10

PHOTON | MEV. .
A.Einsten (19085) =0.00107 |1762X10
X Rays , Gammo Rays

which was considerably larger than the value reported by Wien.
At other times he found a value only half as large and, with
helium gas in the tube, a value only one-fourth as large. This
was interpreted as meaning that in the stream of canal particles
both atomic and molecular hydrogen ions were present. The
molecule of double mass had lost only one electron. Similarly
the helium atom had lost only one electron. The mass num-
ber of the proton, based on the oxygen scale, m = 16.0000, is
1.007582, which represents 1.67248 X 10~%* grams. For the
neutral hydrogen atom the mass number is 1.00813 and the
mass is 1.67339 X 1072* grams.

% J, J. Thomson, Phil. Mag. VI, 13, 561 (1907).
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¢. Neutrons—Neutrons are particles whose mass is only
slightly greater than that of the hydrogen atom and whose
electric charge is zero. Their discovery is attributed to Chad-
wick % in 1932, although it might be claimed that his disclosure
was possible only because of the investigations of W. Bothe
and H. Becker % and of I. Curie-Joliot # and F. Joliot.? These
experiments will be described later. The neutron has no orbi-
tal electrons and, being uncharged, it is influenced by other
atoms only at very close range. Consequently it will traverse
thick layers of heavy elements with little loss in energy. This
lack of charge also makes it difficult to detect the neutron by
any direct method. The mass number of the neutron is
1.00893, which is equivalent to 1.67472 X 10~2* grams.

d. Positrons—Positrons are particles exactly like electrons in
mass and magnitude of electric charge but which differ in that
their charge is positive in sign. In making cosmic ray studies
in 1932 with a vertical Wilson cloud chamber provided with a
strong magnetic field, C. D. Anderson ?® noticed certain tracks
whose curvature was in a direction opposite to that of the usual
electrons. This could conceivably occur by the reflection of
negative electrons (see Figure 5.44). Excluding this possi-
bility, the conclusion could be drawn that the paths were those
of positively charged particles. They were at first thought to
be protons but on further investigation Anderson announced *
them to be positive electrons or “positrons.” In nuclear re-
actions, to be described later, these particles are very commonly
emitted. Their life span is short, lasting only during their
transit which is usually less than a micro-second. In their ab-
sorption in matter they behave 3! quantitatively like negative
electrons.

: %Chadwick, Nature, 129, 312 (1932).

. Bothe and H. Becker, Zeits. f. Phys., 66, 289 (1930).

# 1. Curie-Joliot, Comptes Rendus, 193, 1412 (1931).

B F. Joliot, Comptes Rendus, 193, 1415 (1931).

® R. A. Millikan and C. D. Anderson, Phys. Rev., 40, 325 (1932).

2 C. D. Anderson, Phys. Rev., 43, 491 (1933).
# B, R. Curtis, Phys. Rev., 53, 986 (1938).
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e. Neutrinos—Studies of the energy distribution of the beta
radiation emitted by a radioactive substance showed it to be
continuous. This result presented certain fundamental diffi-
culties. Most evidence indicated the existence of definite en-
ergy states within the nucleus, hence any emission should have
involved definite discrete energies, instead of a continuous dis-
tribution. The interpretation seemed to offer only two alter-
natives. These were, namely, to relinquish the principle of
“conservation of energy’ as applied to intranuclear processes
or to postulate the existence of a nondetectable, yet energetic,
particle which is emitted with each beta particle, so that the
sum of the two energies is a constant. This particle is assumed
to have a mass perhaps smaller than that of the electron and
no electric charge. Hence it would be extremely difficult to
observe. Many experiments of an indirect nature have been
attempted to prove the existence of the neutrinos. One of
these was a calorimetric experiment by Ellis and Wooster to be
described later.®

A nucleus that emits a beta particle and a neutrino would re-
coil with a momentum equal to that of the sum of the momenta
of the two particles, even though one of them cannot be seen.
To this end, Crane and Halpern % observed the paths of re-
coiling, gaseous, radioactive chlorine atoms in a Wilson cloud
chamber. By counting the number of droplets formed along
the path, they could compute the energy and hence the mo-
mentum of the particle. Their conclusion favored the exist-
ence of the neutrino but was not absolute proof of its existence.
Results of a similar nature were found by Allen, using a some-
what different experimental arrangement.

f. Mesons—In 1935, H. Yukawa % presented a theoretical
discussion of the short-range forces acting between a neutron
and a proton in the nucleus. In accounting for beta disinte-

2 C. D. Ellis and W. A. Wooster, Prac. Roy. Soc. A, 117, 109 (1927).
#H. R. Crane and J. Halpern, Phys. Rev., 53, 789 (1938).

3 J. S. Allen, Phys. Rev., 61, 692 (1942).

3 H. Yukawa, Proc. Phys.-Math. Soc., Japan, 17, 48 (1935).



18 NATURAL RADIOACTIVITY

gration he was led to a prediction of the existence of quanta of
mass about one-tenth that of the proton.

In 1936, Anderson and Neddermeyer observed % among their
many cloud chamber tracks several traces of particles whose
penetrating powers were much greater than would have been
indicated by their radii of curvature, had they been electrons.
Many subsequent investigations ¥ studying these particles near
the end of their range showed them to have varying masses
averaging about two hundred times that of the electron. They
may be either positive or negative in sign with a charge equiv-
alent to that of the electron. They are short-lived, probably
changing into ordinary electrons and neutrinos.

g. Photons—Electromagnetic radiation in many ways dis-
plays a corpuscular nature. In 1905, Einstein 3 proposed the
now famous photoelectric equation

hv = tmv? + P (1.2)

The product of the Planck constant 4 and the frequency »
represents the energy of the incident photon, and $mv? is the
kinetic energy of the escaping electron which required an en-
ergy P to release it from the surface. Einstein later formulated
this postulate as: “Every quantity of energy of any form what-
ever represents a mass which is equal to this same energy di-
vided by C?, where C is the velocity of light, and every quan-
. tity of energy in motion represents momentum.”

It was seven years later before this relationship was experi-
mentally verified.®® In nuclear reactions the photons or gamma
rays may possess very large energies. On occasion they are
found in their passage through matter to disappear entirely.
On their death they give rise to an electron pair, that is, both

® C. D. Anderson and S. Neddermeyer, Phys. Rev., 50, 263 (1936).

¥ J. C. Street and E. Stevenson, Phys. Rev., 52, 1003 (1937); A. Ruhlig and H. R.
81’9:13n8e), Phys. Rev., 53, 266 (1938); and E. J. Williams and E. Pickup, Nature, 141, 685

8 A, Einstein, Ann. d. Phys., 17, 132 (1905).

¥ K. T. Compton, Phil. Mag., 23, 579 (1912); A. L. Hughes, Pkil. Trans. Roy. Soc.,
212, 205 (1912); R. A. Millikan and J. R. Wright, PAys. Rev., 36, 68 (1912),
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o 0 . . /
a positive and a negative electron. It is therefore reasonable
to include photons as fundamental particles.

1.10. The Decay Constant and Half-life. In 1900, from a
solution of uranium, Crookes % precipitated a carbonate which,
although free from uranium, possessed an activity many times
as great. At the same time the residual uranium solution lost
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Fic. 1.4. The decay of uranium X and thorium X and the recovery of the parent

materials.

its ability to affect a photographic plate. A similar separation
was carried out on thorium by Rutherford and Soddy.# Be-
cause of their unknown character, the active substances thus
separated were called uranium X and thorium X, respectively.
The strong initial activity of these separated substances was
found to decrease rapidly, while at the same time the parent
substances appeared to regain their original activity. These
changes, with time as noted by Rutherford for both uranium
and thorium, are shown in Figure 1.4. The form of the decay

4 W. Crookes, Proc. Roy. Soc., 66, 409 (1900).
4 E, Rutherford and F. Soddy, P4il. Mag., 5, 445, 576 (1903).
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curves suggested a logarithmic decrease of the number of ac-
tive particles. This follows the assumption that the number
of particles AN disintegrated in a time A, is proportional to
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F1c. 1.5. The logarithmic decay of radioactive source.

the total number of active particles N and the time A# and to
a probability constant \ defined by the equation

AN = —\NAt (1.3)

It is evident that A may then be defined as the relative num-
ber of particles disintegrating per second, and has the dimen-
sions of reciprocal seconds. By assuming an initial number
N, at ¢ = 0, then on integration of equation 1.3 it follows that
the number N of particles remaining after the lapse of time ¢ is

N = N, (1.9)
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Now if ZJ:; be set equal to 3, then on taking logarithms it fol-

lows that log, 2 = M = 0.693 (1.5)

0.693

so that the halflife, Ty, = seconds. This quantity is

A
very generally used in describing radioactive emitters. From
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Fig. 1.6. The analysis of a composite decay curve into its three components.

equation 1.4 it follows that if the intensity of any radioactive
source of single valued half-life be plotted logarithmically
against the time, then a straight line of negative slope results,
as shown in Figure 1.5. If a radioactive source emits radia-
tions decaying according to several different half-lives, then
the analysis may be carried out from such a semi-logarithmic
plot by subtracting in succession the straight line plot for the
longest half-life remaining. An example of this kind is shown
in Figure 1.6, representing a certain radioactive indium con-
sisting of three activities having half-lives of 54 minutes, 72
seconds and 13 seconds. On subtracting the straight line rep-
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resenting the 54-minute activity, a residual curve having a
straight end segment results. This represents the 72-second
activity, and after its subtraction a single straight line remains
for the 13-second activity.

The activity along the recovery curve in Figure 1.4 is more
complicated. Starting with Ny uranium atoms with a disinte-
gration constant Ay, then the loss per second is

= —\yNy (1.6)

This loss of uranium atoms represents a corresponding gain in
the daughter substance 4, which in turn loses a number Ny N4
per second so that the net change per second in A is

dN4

T = +AvNy — MNa w7

A solution of equations 1.6 and 1.7 gives for the number N4 at
any time ¢
ANy

Ny = 2olv
4 M — AU

[e™Mot — g (1.8)

The disintegration constant Ay is very small compared to A4
and after a sufficiently long time ¢, ¢~ becomes equal to zero.
Assuming that the change in Ny is negligible, then equation 1.8
may be transformed to read

Na _ww _ Ty(4)
Ny M Ty(U)

This means that the daughter substance is in equilibrium with
the parent and the numbers of particles of the two substances
are in the same ratio as their half-lives. Much use will be
made of this fact in later discussions.

The reciprocal of \ is the time required for the intensity to

(1.9)

1
7 ~— of its initial activity. This time may be shown

drop to ! or5=
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to be the “mean-life” for the initial particles. Its relationship
to the half-life for any emitter is shown in Figure 1.7.

INTENSITY

. :
HALF-LIFE MEAN-LIFE

TIME

Fic. 1.7. Showing relation between half-life and mean-life.

1.11. The Uranium-Radium Family. Following the dis-
covery of polonium and of radium in 1898 and the notion of
atomic disintegration, numerous other radioactive bodies were
isolated and identified. Each substance was characterized by
a particular half-life and the emission of a particular type of
radiation, with definite energy limitations. Among these may
be mentioned the discovery of actinium in 1900 by Debierne; 4
of radio-lead by Hofmann in 1904; 4 and of ionium, the direct
parent of radium, by Boltwood in 1907.4

Uranium exists in nature in the form of three semistable iso-
topes of mass 234, 235, and 238; in relative abundance 0.006%,,

2 A, Debierne, Comptes Rendus, 130, 906 (1900).
# K, Hofmann, L. Gonder, and V. Wolf, Ann. d. Phys., 15, 615 (1904).
4 B. B. Boltwood, Nature, 76, 544 (1907).
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0.71%, and 99.28%, respectively. Each emission of an alpha
particle with its mass 4 and positive charge of two units thus
lowers the mass and in reducing the charge by two units leaves
a new residual element standing two below that of the parent
in the periodic table. The emission of a beta particle with its
negative charge and negligible mass is thus equivalent to add-
ing a positive electronic charge to the nucleus. This results in
a new element, standing one space higher in the periodic table.
Elements of different atomic number are usually separable
chemically. In this way continued investigations revealed the
fact that the atom of uranium of mass 238 and atomic number
92 is the ancestor of an entire series of elements of descending
atomic weights. In its continued disintegration eight alpha
particles and six beta particles are emitted. The final residual
atom is an isotope of lead of atomic weight 206 and atomic
number 82.

Many of the intermediate products, at their discovery, were
given names which though significant at that time have now
become misleading and do not express the nature of the iso-
topes they represent. For example, uranium X is not an iso-
tope of uranium but rather of thorium; uranium Z and ura-
nium X, are protactinium; and radium C and radium E are
isotopes of bismuth. This genetic development from the ura-
nium isotope of mass 238, including the half-lives of the inter-
mediate radioactive isotopes, is shown in Figure 1.8. In addi-
tion, the neutron-induced isotope leading to the element plu-
tonium of mass number 94 is included.

The half-life of uranium 238 is about 4.5 X 10° years, which

.. . ... 0.693
means that the disintegration constant X which is ~——— has the

value 4.9 X 1078 sec™*. Hence a gram of pure uraflium 238,
which contains 2.53 X 10*! atoms, will give rise to 2.53 X 102
X 4.9 X 107'® or about 12,400 disintegrations per second.
The half-life of radium, whose mass is 226 and atomic number
86, 1s 1590 years. Hence the disintegration constant is 1.385
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X 107 sec™, and the 2.68 X 10% atoms in one gram will
give rise to 37.1 X 10° disintegrations every second. This
number is important in current definitions of the Curie, a unit
used to express the strength of radioactive sources.
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Fic. 1.8. The uranium-radium family.

1.12. The Uranium-Actinium Family. Another series of
radioactive elements genetically related among themselves has
been shown to be derived from the less abundant uranium iso-
tope of mass 235. This parent isotope has a half-life of 7.1
X 108 years and emits in succession seven alpha particles and
four beta particles. The final residual atom is an isotope of
lead of mass 207. The nature of the intermediate products is
quite similar to the atoms in the parallel radium series. For
example, the element of atomic number 86 is a gas called actinon,
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much like the corresponding element in the radium series, ra-
don. This sequence of elements is shown schematically in
Figure 1.9.
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F1c. 1.9. The uranium-actinium family of radioactive atoms.

1.13. The Thorium Family. Another independent radioac-
tive series has been identified, based upon the single natural
isotope of thorium, whose mass is 232 and atomic number, 90.
After the successive emission of six alpha particles and four
beta particles the emitting atom becomes an isotope of lead, of
mass 208. The element of atomic number 86 in this series is
also a gas, called thoron. The thorium family, including the
half-lives of the intermediate elements, is shown schematically
in Figure 1.10. Thorium itself has a half-life of 1.389 X 10
years. Many of the intermediate products in all three families
emit gamma rays in addition to the alpha or beta particles.
The gamma radiation from thorium (C 4 C’) has been exten.
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sively used where a high energy source was desired. Its radi-
ation is concentrated largely in a single emission energy of 2.62

Mev.
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Fic. 1.10. The thorium family of radioactive elements.

1.14. The Age of the Earth and Radioactivity. The develop-
ment of helium as a product formed in the aging of uranium,
offers a method of estimating the age of the uranium. As-
sumptions must be made regarding the retention of the helium
formed and the fact that no other source of helium is present.
It is usually assumed that helium will be retained in rock when
the temperature has fallen below about 1000° C.  Thus, know-
ing the amount of helium recovered for each gram of uranium
present, it is possible to compute a minimum value for the
time elapsed since helium began to be formed. The decay
constant for uranium 238 as now observed is 4.9 X 1078

sec™l. The possibility exists that originally other isotopes of
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uranium with their greater disintegration constants were rela-
tively more abundant. Assuming, however, that the isotope
238 was always preponderant, then the half-life of 4.5 X 10°
years can be retained. Since each disintegrating atom yields
eight alpha particles and in one half-life half of the particles
disintegrate, it follows that an original gram of uranium will
in one half-life produce 54 or 0.0674 grams of helium. This
quantity would represent 376 cm? under standard conditions
of pressure and temperature. It is apparent that if retained
in pockets in the ore to this extent it will be under high pres-
sure and hence apt to escape, and ages computed therefrom
will be minimum values. This transformation of uranium
during one half-life may be represented as:
0.5 gms. uranium

1 gram uranium — 4500 million years —{0.0674 gms. helium
0.4326 gms. lead 206

The first use of this method in estimating the age of rock is
attributed to Strutt in 1905.% An extensive investigation of
ores from various terrestrial sources using this method has been
carried out by Paneth and his students, beginning in 1928.4
Many subsequent investigations, particularly those by R. D.
Evans and his associates,*” have led to a fair knowledge of the
age, not only of terrestrial ores but also of meteorites and hence
probably of the entire solar system. These values are found
to agree fairly well, indicating ages up to 2800 million years.

Other methods of comparing ages of two ores have made
use of the relative abundance of different isotopes of a particu-
lar element present in the ores. Thus uranium consists of iso-
tope 238 whose half life is 4500 million years and isotope 235
with a half-life of only 710 million years. It might be expected
that in a young ore less of the more active isotope would have
disappeared so that its abundance would be greater than the

% J. R. Strutt (later Lord Rayleigh), Proc. Roy. Soc., 76, 95 (1905); 82, 168 (1909)
% F. A. Paneth, W. D. Urry, and W. Kolck, Nature, 18, 490 (1930).
4 C. Goodman and R. D. Evans, Bull. Geol. Soc. Amer., 52, 491 (1941).
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T4 found for terrestrial sources. No specimen of uranium
has been found yielding a different ratio.®* Similarly potas-
sium has three isotopes whose masses are 39, 40, and 41 and
whose relative abundances are 93.38%, 0.012%, and 6.619,
respectively. Isotope 40 is radioactive with a half-life vari-
ously reported as 4 X 108 years to 1.6 X 10° years. It should
therefore be relatively less abundant in aged specimens of po-
tassium. No such variations in the relative abundance of the
isotopes of potassium has been observed.+

Since each radioactive series ends in a particular isotope of
lead, then the relative abundance of the various isotopes for
specimens of lead from different parts of the earth differ. By
noting the excess of the isotope of mass 208 associated with the
decay of thorium,® calculations can be made of the time re-
quired for its formation. Such computations lead to values of
the age of the ores of about 2000 million years, which substan-
tiates the results of other methods.

1.15. The Measurement of Radioactivity. (z) The Curie.
It is apparent that with the present extensive use of radioactive
materials some agreement must be made regarding the units
used in measuring the activity. Radium itself is usually used
as a chloride and the active content can be expressed in grams.
Since a radium sample will soon generate products with which
it is in equilibrium, then these separated products, although
very minute in mass, will have a radioactivity comparable with
that of the parent radium. Consequently a unit, now known
as the “Curie,” has been recognized; as originally defined it'
was the amount of radon in equilibrium with one gram of ra-
dium. From their comparative half-lives, namely 1590 years
and 3.82 days, this amount of radon would weigh only 6.58
millionths of a gram, and under standard conditions of pres-

48 A. O. Nier, Phys. Rev., 55, 150 (1939).

% W, Schumb, R. D. Evans, and W. M. Leaders, Jour. Amer. Chem. Soc., 63, 1203
(1941).

% P. M. Hurley and C. Goodman, Bull. Geol. Soc. Amer., 52, 545 (1941).
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sure and temperature would occupy only 0.664 mm3. On
pumping off this gas an additional amount will re-form accord-
ing to a growth curve as shown in Figure 1.4.

When the radon is in equilibrium with the parent radium,
each would have the same number of disintegrating atoms per
second, namely, 37.1 X 10°% as shown on page 25. It is now
known that this number should be revised downward to per-
haps 35 X 10% but because any change must be generally
accepted, no attempt will be made here to introduce a revision.
It has accordingly now become common practice to express the
radioactivity of any specimen, regardless of the type of emis-
sion, in terms of the number of disintegrating atoms per second
in the source. Thus a millicurie of radiophosphorus, which
emits no gamma radiation whatever, is that quantity of radio-
active material in which 37.1 million particles are disintegrat-
mg per second. Certain anomalies arise from such a defini-
tion. It often happens that a single disintegrating atom in
quick succession emits more than one particle or gamma ray.
Thus each atom of radio cobalt of mass 57 emits two strong
gamma rays in its disintegration. Since any gamma ray usu-
ally has sufficient energy to completely traverse the detector,
it is evident that the ionizing effect of a millicurie of radio co-
balt would be twice as large as the ionization produced by a
similar source of another isotope in which only a single gamma
ray is emitted per disintegration.

It has been suggested by Condon and Curtiss ® that a new
unit be defined for expressing the strength of radioactive sources
based directly upon the number of disintegrations per second.
It would be reasonable to select an activity of some magnitude
such as 108 disintegrations per second for the unit and then
express multiples and submultxples by the usual preﬁxes of the
metric system. For this unit they propose the name ruther—
ford” with the abbreviation “rd.” :

() The Roentgen or “‘r’ Unit. Gamma radiation may be
detected by the same techmque as that employed in measuring

8 E. U. Condon and L. Curtiss, Science, 103, 712 (1946).



THE MEASUREMENT OF RADIOACTIVITY 31

X-rays. A unit known as the “r” unit, after W. Roentgen,
the discoverer of X-rays, has long been recognized in X-ray
practlce This is defined as the amount of radiation that will,
on passing through pure air under standard conditions, pro-
duce one electrostatic unit of ions, of one sign, per cubic centi-
meter. It is evident that this is no measure of the total energy
of the radiation, but rather of its absorptivity. In fact, the
lower the energy of the photons comprising the radiation, the
greater would be the ionization per centimeter of path.

The ionization produced by a photon is accomplished by
tearing away and energizing electrons, from the neutral atoms
of the traversed gas. At relatively low energies this is ac-
complished by two processes known respectively as the photo-
electric effect and the Compton effect. On the average a pho-
ton produces only about 1.5 ion-pairs per centimeter of path
in normal air, compared with about 50 pairs per centimeter for
beta particles and 30,000 pairs per centimeter for alpha parti-
cles. In r units, a gram of radium supplies at a distance of
1 cm an ionization equivalent to 480 r per second. The gamma
radiation alone amounts to about 2.4 r per second. One of the
most direct methods for measuring the ionization produced,
and hence the number of r units, is to allow the radiation to
pass through the gas between the oppositely charged plates of
a condenser, usually cylmdrxcal in form. The fall in potential
times the electrical capamty in electrostatic units divided by
the volume gives the “r”’ value. Easily operated and cali-
‘brated devices of this kind as usually used by roentgenologists
are supplied by the Victoreen Company of Cleveland, Ohio.

In the measurement of the strength of a source of gamma
rays Condon and Curtiss propose a new unit which is of such
a magnitude that it will produce a radiation of one roentgen
per hour at a distance of one meter. They propose for this
unit the name “rhm,” pronounced “rum.” From the above
value given for the gamma intensity from 1 gm. of radium, it
follows that a gram of radium would be expressed as 0.864 rhm,
or conversely one “rhm” requires 1.16 gm. of radium.



32 NATURAL RADIOACTIVITY

QUESTIONS AND PROBLEMS

1. The atomic weight of lead as found in galena is 207.216 and
from Great Bear Lake ore it has an atomic weight of 206.083. Assum-
ing only the uranium-radium family to be responsible, what percent-
age of the lead is derived from uranium? If 5 gms. of lead are recov-
ered from a certain specimen, how much helium should be in the same
source? In this same specimen how many gms. of uranium would you
expect if the age of the rock is 2000 X 108 years?

Answer: 93.5%, 4.675 gms. lead, 0.726 gm. helium, 15 gms. ura-
nium.

2. A certain hospital has four grams of radium valued at $160,000.
Radon is pumped off every 48 hrs. How many millicuries are ob-
tained each time? What should be the charge for a 10 millicurie seed
of radon, allowing a service charge of $2.00 per seed, a 59, interest
rate, and a satisfactory depletion charge?

Answer: 1216 millicuries, $2.365.

3. How many beta particles are emitted per second by the above-

mentioned radium in equilibrium with its daughter products?
Answer: 59.36 X 10 beta particles per second.

4. How many neutrinos will pass in one second through the body
of a man which presents a normal area of 6 sq. ft., at a distance of
1000 miles from the above radium?

Answer: 0.01017 per second.

5. Compare the atomic weights of deuterium on the “physical”” and
on the “chemical” scales. Compute the atomic weight of hydrogen
from the mass-spectographic data on its isotopes.

Answer: 2014722 (phys.), 2.01418 (chem.); 1.00834 (H).

6. The packing fraction for plutonium 239 is +4.0, and for barium
139 and strontium 89 the values are —6.1 and —8.1 allin 107%. Ifa
plutonium atom undergoes fission, producing the above two atoms,
how many neutrons are set free and how much mass disappears?
What is the total release of energy in electron-volts and in ergs per
atom of plutonium?

Answer: 11 neutrons plus original, 0.15425 mass units, 144 Mev,
2.304 X 10™* ergs.



CHAPTER 2
THE DETECTION OF RADIATION

2.1. The Fluorescent Method. Many substances when ex-
posed even to invisible radiation like ultraviolet or X-rays be-
come copious emitters of visible light. In some of these sub-
stances the emission of light persists long after the exposure to
radiation. In many other substances the glowing lasts only a
fraction of a second after the excitation has vanished. The
former phenomenon is called phosphorescence and the latter is
termed fluorescence. This, then, allows the detection of radi-
ation by noting the luminosity of a prepared screen, exposed to
the radiation. Such materials now commonly used are platino-
barium cyanide, calcium tungstate, or zinc sulphide.

It was the fluorescing of the glass walls of an X-ray tube
that led Becquerel to look for what he regarded as invisible
fluorescence. That is, a photographic plate was protected from
various fluorescing substances by black paper. On using the
double sulphate of uranium and potassium, he found that the
wrapped photographic plate became activated whether the salt
was illuminated or not. '

A device known as the spinthariscope, attributed to Sir Wil-
liam Crookes ! in 1903, was used in early studies of alpha radi-
ation. Figure 3.1 shows a form of the apparatus as used later
by Rutherford in studying the first induced nuclear disintegra-
tions. The individual alpha particles from the source §, or
the recoil protons from the gas, will on striking the screen ap-
pear as momentarily illuminated spots when viewed through
the microscope, so that if not too numerous they can be counted.

1 W. Crookes, Proc. Roy. Soc., 71, 405 (1903).
33
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By knowing the solid angle subtended at the source the total
emission can be found.

The device was used for beta radiation by Regener.? In this
case each scintillation is probably due to the simultaneous im-
pact of several beta particles, as it is doubtful if a single elec-
tron could produce an observable effect.

2.2. The Photographic Method. It has been shown that any
ionizing radiation or particle will, on absorption in the emul-
sion of a photographic plate, produce activation. In the case
of gamma radiation the action on the silver bromide crystals
is undoubtedly cumulative. Heavily ionizing particles like
alpha particles, protons, or deuterons are sufficiently energetic
to activate some individual crystal grains through which they
pass, although not necessarily all. As a consequence, on de-
velopment, the actual track of the particle is revealed.

A technique making use of such emulsion tracks to measure
the energy of the incident particles has been developed by
Wilkins.? The average number of electron volts per grain may
be determined and then it is necessary only to count the num-
ber of activated grains. The method is tedious, and is most
successful when used under dark-field illumination. In study-
ing induced disintegration the emulsion may be impregnated
with the material to be bombarded. The recoiling particles are
thus observed in the developed layer. Figure 4.2C shows one
of these tracks with a magnification of 900. This track repre-
sents the two oppositely directed alpha particles arising from
a lithium 7 nucleus, struck by a neutron.

A photographic technique particularly applicable to studies
involving radioactive materials as tracers in biological work,
was reported by Lacassagne and Lattés in 1924.4 A section of
the tissue with the absorbed radioactive material is placed in
close contact with the photographic plate for a suitable time.

2 W. Regener, Verh. Deut. Phys. Ges., 19, 78 (1908).

3T, R. Wilkins and H. St. Helens, PAys. Rev., 54, 783 (1938); L. C. Martin and T. R.
Wilkins, Jour. Opt. Soc. Amer., 27, 340 (1337).

4 Mme. J. Lattés and A. Lacassagne, Comptes Rendus, 178, 630 (1924).
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The plate will be activated in areas contiguous to the radio-
activity but not in those areas close to tissue carrying no radio-
active material. Such photographs are termed ‘‘autoradio-
grams”’ and show directly the distribution of the tracer element.
Examples of this technique are shown in Figure 11.1 and Fig-
ure 11.3B.

2:3. Ionization Chambers. Becquerel observed that a
charged electroscope would be discharged if uranium was

L
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b, TO BATTERY
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Fic. 2.1. (A) Electroscope; (B) ionization clectrometer; (C) ionization chamber with
string electrometer.

brought near its terminal. Such a device as shown in Figure
2.14 was one of the first simple instruments used to compare
radioactivities. By placing the specimens in order on the ter-
minal plate, their activities are inversely proportional to the
times required for the leaves of the electroscope to collapse
over a certain definite portion of the angular scale.

Another arrangement, shown in Figure 2.1B, was used by
Madame Curie in a general investigation of the radioactivity
of a wide variety of substances. The specimen is placed on
the bottom plate and any ionization produced, results in an
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ionization current which is measured by a sensitive electrom-
eter. As the conductance between the plates may be affected
by other factors such as temperature and humidity, sometimes
false conclusions can be formed.

An ionization chamber connected to a string electrometer is
shown in Figure 2.1C. This is a very satisfactory arrangement
for detecting and measuring the activity. The outer case of
the chamber is capable of holding gases at pressures up to sev-
eral atmospheres and is electrically grounded. Inside, and in-
sulated from the outer case, is a cylinder of screen wire main-
tained at a high electric potential. A central insulated rod is
connected through a sulphur bushing to a very fine wire, or
quartz fiber which has been made electrically conducting by a
thin sputtered metallic coating. The fiber is held under a
slight tension between two oppositely charged plates and is
viewed through a microscope provided with an etched scale in
its eyepiece. The charging of the fiber causes it to drift toward
the plate of opposite sign. To restore the fiber to its initial
position it is momentarily grounded. The sensitivity of the
instrument can be varied at will, by changing the potential
difference between the plates. The over-all sensitivity can be
increased by using in the chamber a heavy gas, such as freon
(CCl,F;), whose molecular weight is about 129.

2.4. The Vacuum-Tube Electrometer. The ions produced
in the ionization chamber by the incident radiation give rise to
an ionization current. The charge associated with the 100,000
ion-pairs which would be produced by a single alpha particle
traveling approximately a centimeter in normal air would
amount to about 3 X 107!* coulombs. If this average charge
should pass through a high resistance of, say, 3 X 10'® ohms
in one second, then a difference of potential of approximately
one millivolt would exist across the high resistance.

Any change in the rate of ionization in the chamber would
result in a corresponding change in this voltage. By allowing
this small voltage change to swing the grid potential of a special
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FP54 three-electrode vacuum tube, correspondingly large vari-
ations would occur in the plate circuit of the vacuum tube.s
These changes in plate current can be indicated by a direct-
reading galvanometer. An arrangement of this type is shown
in Figure 2.2. Since the plate current, even with no ioniza-
tion, may be appreciable, it is desirable to use a potentiometer
circuit to offset the steady initial current through the gal-
vanometer.

IONIZATION CHAMBER
—
E A 5

©

)
—l]l]—-l
RS

L
+, J ’ -+
lll| Ep

Fic. 2.2. A vacuum tube electrometer.

Since it is desired that the circuit be stable in order to make
reliable quantitative measurements, and since the amplifica-
tion of the vacuum tube is being pushed to the limit, great care
must be taken to guard against such disturbing factors as tem-
perature changes, humidity changes, and fluctuations in sup-
ply voltages. It is usually found desirable to enclose the en-
tire system in an electrically shielded chamber and the vacuum
tube and associated high resistors in an evacuated volume.
With this care, the device is an accurate, quick-acting detector
for even very weak radiation.

2.5. Point Counters. Many other electrical systems have
been devised to study the radiation from radioactive bodies.
Some of the devices will indicate and record the transit of a
single particle. Most of these developments have been based

§L. A. DuBridge and H. Brown, Rev. Sci. Inst., 4, 532 (1933); D. Penick, Rev. Sci
Inst., 6, 115 (1935).
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upon the pioneer work of Gorton in 1905.6 He observed that
the applied voltage necessary to produce a breakdown discharge
from a charged conducting point could be greatly varied by
irradiating the gasin the neighborhood of the point. On using
the light from an arc, X-rays, or radioactivity, breakdown was
found to occur at 1000 or more volts less than when no radia-
tion was present. A chamber of this sort is shown in Figure
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Fic. 2.3. (A) Charged point detector; (B) Geiger tube.

A single 7 Mev alpha ray will produce about 200,000 pairs
of ions in its traversal of the gas of an ionization cell. This
would amount to one ten-thousandth electrostatic unit each of
positive and of negative electricity. This quantity might be
further increased by secondary ionization in the strong electric
field so as to give an indication of the single alpha particle. In
1908, Rutherford and Geiger 7 described a system in which a
high voltage was applied to a point-shaped conductor so as to
bring it to a potential just less than breakdown. In this strong
electric field any ions formed will be accelerated and in turn
they will produce new ions by collision with neutral molecules.

8F. R. Gorton, Verh. Deut. Phys. Ges., 7.2, 42 (1905).
7 E. Rutherford and W. Geiger, Proc. Roy. Soc. A, 81, 141 (1908).
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As a result a single ionizing particle may, by multiple ioniza-
tion, be sufficient to cause a discharge. If a condenser is across
the gap, with a high resistance in series with the source of po-
tential, then the discharge results in a lowering of the voltage
so that the current ceases or is “quenched.” Without any
further ionization, the high potential is again established and
ready for the next firing. Such a circuit is rather slow.

By reducing the pressure in the chamber and using a fine
wire at the axis of a cylinder instead of a point, and noting the
discharge on a string electrometer as in Figure 2.1C, it became
possible to count individual pulses occurring at a rate up to
five per minute. Improvements in the string electrometer
were made and a photographic arrangement was added so that
the continuous motion of the string could be recorded on a
moving film. With this apparatus counts were recorded up to
1000 per minute.

2.6. Tube Counters. Numerous papers have appeared deal-
ing with the tube originally introduced by Rutherford and
Geiger and now usually called a “Geiger” tube. Many of
these deal with improvements in its accompanying recording
circuit. The most commonly used tube takes the form shown
in Figure 2.3B, although they may be made in many other
shapes for special applications. A fine wire, usually tungsten,
lies at the axis of a metal cylinder, enclosed in a concentric
cylindrical sheath of glass. The tube performance is usually
improved by having another conducting cylindrical sheath out-
side the glass and connected to the inner cylinder, so that the
glass walls are free from an electric field. The glass sheath
may be provided with a very thin window so that easily ab-
sorbed radiations may be studied. This can be accomplished
by blowing a bubble at one end of the glass so that its thick-
ness is reduced to the order of only a few microns.

The tube is first evacuated and the surfaces cleaned by sput-
tering at a high potential. Hydrogen gas is then added at a
pressure up to about 10 cm of mercury. A slight amount of
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other gases such as argon, oxygen, or organic vapors up to
about 109, is sometimes added. These vapors have been
found to aid in quenching the discharge. The output of the
tube is passed on to a counting circuit. No unanimity of opin-
lon exists in explaining the action within the counter tube as
the discharge is initiated and quenched. Emeléus 8 concluded
that the secondary ionization within the tube is done com-
pletely by the positive ions formed. The opposite view has
been presented in a more recent paper of Montgomery and
Montgomery ® which very well summarizes the progress on the
development of the Geiger tube.

The action within a counter tube whose central wire is at a
high positive potential may be somewhat as follows. A single
ion-pair formed between the electrodes will be followed by a
drift of each ion, the electron toward the positive central wire
and the heavy positive ion toward the cylindrical cathode.
The mobility of the electron may be one thousand times that
of the positive ion so that it soon acquires sufficient velocity to
produce a new pair of ions on collision. This new electron will
travel along toward the anode and may in turn produce an-
other pair of ions. This cumulating drift of electrons may be
termed an ‘“electron avalanche.” Some electrons will recom-
bine with positive ions, a process which may be accompanied
by the emission of photons. In turn, if sufficiently energetic,
the photons may eject photoelectrons from atoms in other re-
mote regions of the tube, thus aiding in the avalanche.

The positive ions left behind by the fast-moving electrons
appear as a positive space charge around the positive wire,
which in turn reduces the electric field. This whole process
may take place in one-millionth of a second and a billion elec-
trons may have reached the wire. The current established
must be quickly quenched, either by the vapor in the tube or
by the accompanying circuit. Other factors to be considered

8 K. Emeléus, Proc. Comb. Phil. Soc., 22, 676 (1925).
? C. G. Montgomery and D. D. Montgomery, four. Fran. Inst., 231, 447, 509 (1941).
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in the operation of the tube are: the loss of ions by recombina-
tion, the ability of the heavy positive ion to attract negative
ions from a surface of metal which it approaches, and the fre-
quent production of several negative ions by the impact of a
single electron.

Various arrangements may be employed in applying the
high voltage to the Geiger tube—that is, instead of applying
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Fic. 2.4. Variation of counting rate with increasing voltage.

the high voltage to the wire, it may be applied to the cylinder.
The performance of the tube can be found by using some stand-
ard source and noting the number of output counts per second
as the applied voltage is increased. A typical performance
curve for a hydrogen-filled tube is shown in Figure 2.4. No
counts will occur until a certain minimum voltage, 7, is ap-
plied. The number of counts per second increases as the volt-
age is stepped up until some value, 7, not sharply defined, is
attained, beyond which little or no increase in the counting
rate occurs. Finally, at voltages greater than 7, the count-
ing rate again increases. It is essential that the plateau 7, to
Vi exist if accurate quantitative results are desired. With-
out such a plateau any observed change in the number of
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pulses per second might be due to a change in voltage and not
to a change in the intensity of the source.

2.7. Counter Circuits. The development of the multielec-
trode vacuum tube has made possible electrical circuits which,
when used with the Geiger tube, can resolve and count the in-
dividual pulses even though they occur in extremely rapid
succession. The elementary use of the vacuum tube in this

GEIGER TUBE C
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Fie. 2.5. Vacuum tube circuit for recording pulses in Geiger tube.

connection is simply illustrated by Figure 2.5. The plate cur-
rent in the vacuum tube depends upon the potential of the
control grid, represented by point z. With no ionization in
the Geiger tube, no current flows through the high resistance
and s and 2 are at the same positive potential which is com-
municated through the coupling condenser C to the grid, so
that the plate current is sufficiently large to energize the relay.
An incident particle produces ionization in the Geiger tube
which is accompanied by a current through the high resistance
and hence a lowering of the potential of point 7 and also of the
control grid. This results in a decrease in the plate current
sufficient to cause the relay contact to be released, and operate
any indicating or registering device. At the same time, the
decrease in the plate current results in an increase in the volt-
age across the neon glow tube, causing it to flash momentarily.
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The combination of decreased voltage across the Geiger tube
and the nature of the discharge ,act to quench the current and
establish the original conditions. The maximum number of
counts per minute that can be recorded by this circuit with-
out loss is not great.

a. The Neher-Harper Circuit. A modification of the circuit
capable of responding to an input frequency up to 200,000 par-
ticles per minute without serious loss, is shown 1 in Figure 2.6.
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Fic. 2.6. Neher-Harper circuit for Geiger tube.

The potential of point #, which is that of the control grid, is
adjusted to a slightly negative value, so that the plate current
assumes a small normal value. Any ionization due to an in-
cident particle in the Geiger tube leads to an increase in the
positive potential of #. This increase of potential in the con-
trol grid in turn allows an increase in the plate current and
hence a decrease in the potential of point m. This decreased
voltage at the Geiger tube quenches the current and re-estab-
lishes the original conditions. The momentary decrease in po-
tential at ¢ is communicated through the coupling condenser C
to any auxiliary counting circuit.

b. Coincidence Circuit. Irequently it is desired to record
only those events which occur simultaneously in two Geiger

WH. V. Neher and W. Harper, Phys. Rev., 49, 940 (1936); see also T. Johnson and
J. Street, Jour. Fran. Inst., 215, 239 (1933).



44 THE DETECTION OF RADIATION

tubes. A circuit capable of serving in this manner as first used
by Rossi ! is shown in Figure 2.7. The potentials of the grids
of both tubes are adjusted to values sufficiently positive to es-
tablish the plate currents through both tubes 4 and B to a cer-
tain normal value. At the same time the grid potential of
tube D, which may be a gas-filled triode, is made sufficiently
negative to reduce its plate current to zero. Any ionizing par-
ticle entering the upper Geiger tube results in the potential of
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Fic. 2.7. Coincidence circuit for Geiger tubes.

point 7 and hence that of the control grid of tube 4 becoming
less positive, so that its plate current is reduced to zero. This
raises the potential of point ¢ and hence of the control grid of
tube D, but not enough to cause it to fire. If, however, par-
ticles enter both Geiger tubes simultaneously, then the poten-
tial of ¢ increases sufficiently to fire the triode D, and give a
simple impulse to the counter. In cosmic-ray studies these co-
incidence circuits have played an important role. In a recent
investigation 12 on the production of mesons at high altitudes,
46 Geiger tubes were employed in a single circuit so that they
could be arranged in 10 different 3-, 4-, and 5-fold coincidence
sets.
1 B, Rossi, Nature, 125, 636 (1930).

B J, Tabin, Phys. Rev., 65, 86 (1944); see also M. Schein, W. Jesse, and E. Wollan,
Phys. Rev., 56. 613 (1939).

N
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¢. Scaling Circuits. Mechanical registering devices can usu-
ally not operate at a frequency greater than three or four thou-
sand per minute. For a speed of this order or greater it is
common practice to arrange 3 a circuit of vacuum tubes so
that the mechanical register records a single count for each 2,
4, 8, or 16 incident particles, yet by a system of glow lamps or
a direct-reading meter the additional single particles can be
numbered. These circuits are made up of a succession of
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Fic. 2.8. “Scale of two” circuit for recording pulses.

“scale of two” counters so that the over-all scaling factor is
2", where 7 is the number of times the simple unit of two is
repeated. Various types of tubes and arrangements of com-
ponents in the circuit have been used. A simple two-tube unit
using thyratrons is shown in Figure 2.8. Successive incoming
pulses fire the two tubes 4 and B alternately, but only the
firing of B passes the impulse on to the next set of thyratrons.
A glow lamp in the circuit of A tells when it has fired. The
mechanical counter is connected in the output circuit of the
last tube. For exceedingly high rates of counting scaling cir-
cuits may be connected together thus two scale-of-sixteen coun-
ters in series can be used to give a scaling factor of 256.

18 See, for example: W. G. Shepherd and R. O. Haxby, Rev. Sci. Inst., 7, 425 (1936):
E. C. Stevenson and 1. Getting, Rev. Sci. Inst., 8, 414 (1937); and J. i.awson and H.
Lifshutz, Rev. Sci. Inst., 9, 83 (1938).
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2.8. The Electron Multiplier. On bombarding certain sur-
faces by electrons it may happen that each impinging electron
expels several electrons from the struck surface. If these elec-
trons are caught in an electric field and driven against another
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F1c. 2.9. Electron multiplier, assembly and electrode arrangement.

similar surface, each of them may again give rise to several
electrons. This process may be repeated several times so that
the original electron finally is represented by 4" electrons,
where 4 is the multiplying factor at each surface which may
be as much as 8, and # is the number of stages. Such an ar-
rangement as currently used by the Western Electric Company
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is shown in Figure 2.9. Care must be taken in arranging suc-
cessive surfaces  both as to shape and placement so that each
surface is effective in contributing to the electron multiplica-
tion. The initial impulse may be from electrons as beta radi-
ation or it may be instigated by photons which photoelectrically
eject electrons from the first surface. These initial electrons
are accelerated here in seven steps, each potential fall being
about 100 volts. The secondary emission of each surface is
found to be a maximum for a potential of about 400 volts, but
this is not attained in practice. Surfaces of pure beryllium
have been successfully used, but the most commonly employed
coating consists of caesium oxide or some similar material.

2.9. Wilson Cloud Chambers. In 1911, a device was demon-
strated by C. T. R. Wilson ** which made it possible for the
first time to see and photograph the “track” of an individual
particle. This apparatus functions because of the fact that in
a supersaturated vapor, condensing droplets will form, if pos-
sible, on any electrically charged particles that are present.
For vapors that have a negative specific heat under the condi-
tion of saturation, a supersaturated condition can be attained
by producing a sudden increase in the volume contammg the
saturated vapor. For saturated vapors with a positive specific
heat, supersaturation can be produced by suddenly reducing
the volume. Water vapor and many of the alcohols have
negative specific heats and serve well in chambers of the first
kind.

Wilson decided that as supersaturation increases, the nega-
tive ions first serve as centers of condensation. This will occur
when the volume occupied by the saturated vapor is increased
- about 25%. For an increase in volume of 319, both negative
and positive ions serve as nuclei of droplets. For expansions
greater than 389 a dense cloud will form even without the

4 See V. K. Zworkian and J. A. Rajchman, Proc. I. RE 27, 558 (1939); J. R. Pierce,
Bell Lab. Record, 16, 305 (1938); J. R. Pierce and R. Winans, Rev. Sci. Inst., 12, 269
(1941), and J. S. Allen, Phys. Rev 55, 966 (1939).

15 C. T. R. Wilson, Proc. Roy. Soc. A, 85, 285 (1911).
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presence of ions. An alpha particle traversing the gas of the
chamber may produce on the average 100,000 ions per ¢cm of
path whereas an electron or beta particle will produce only
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Fic. 2.10. Detail of a Wilson cloud chamber (Crane).

about one one-hundredth as many. Consequently it is rela-
tively easy to observe the tracks of alpha particles.

Figure 2.10 shows schematically the arrangement of the work-
ing parts in a currently used cloud chamber.’® This device is
capable of recording satisfactorily the tracks obtained with ex-
pansions occurring at the rate of 120 per hour. An electric

-BH. R. Crane, Rev. Sci. Inst., 8, 440 (1937); see also O. Dahl, L. Hafstad, and M. A.
Tuve, Phys. Rev., 4, 373 (1933); J. R. Richardson, PAys. Rev., 50, 999 (1936); F. N. D.

Kurie, Phys. Rev., 47, 97 (1935).
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field of several volts per cm is applied to the chamber up until
about one-fortieth of a second before the track is to be observed.
This sweeping field effectively removes the ions that would
have diffused throughout the chamber. At the right moment
after the expansion is completed the chamber is momentarily
illuminated. The original light source used by Wilson was a
mercury-vapor lamp excited by the sudden momentary dis-
charge of a condenser. This same type of illumination can still
be effectively used with improved lamps that give an intensity
many-fold that of the earlier design.

A measurable magnetic field is applied perpendicular to the
floor of the chamber and hence perpendicular to the velocity
of the particles to be photographed, so that their paths are
circular. By noting the radii of curvature of the tracks their
momenta and hence their energies can be determined. For
best results it is important that the particle undergo no scatter-
ing collision during its path, for in that event its radius of curv-
ature cannot be accurately determined. To reduce this scat-
tering, hydrogen is used instead of air in the chamber along
with the saturated water or alcohol vapor.

For alpha particles the source is usually placed directly in
the chamber. Beta rays may be sent into the chamber through
a thin window with little loss in energy. Gamma rays are
studied by observing the electrons originating in the chamber
because of the Compton effect, the photoelectric effect, or by
electron pair formation. For the Compton effect, a thin sheet
of light material such as carbon is placed within the chamber
and irradiated with the gamma radiation. For the latter two
effects a thin layer of lead is put in the chamber in a similar
manner. Neutrons are studied by observing the recoil protons
arising because of the impact of the neutrons on any hydrog-
enous material within the chamber. The hydrogen gas and
water vapor serve very satisfactorily in that capacity.

Photographs may be taken with either a single camera or
better with a stereoscopic camera. By re-projection on a
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screen, the image can be observed and studied. The types of
photographs obtained for the various particles are shown in
later figures. Alpha particles are presented in Figure 4.24 and
B, beta particles in Figure 5.44, an electron pair due to a
gamma ray in Figure 5.4B, and recoil protons due to neutrons
in Figure 7.1. The discrete energy of the alpha particles is re-
vealed by the equal length of the tracks. The wide spread in
the radii of the paths of the beta particles reveals the continuous
distribution of the beta spectrum. The recoil protons due to
the neutrons are short in range due to the high gas pressure in
the chamber. Since the energy of a photon is discrete, the
precise measurement of a single electron pair should correctly
evaluate that gamma ray energy.

Qualitatively, the value of cloud-chamber observations can-
not be challenged. In many instances, however, because of the
failure to observe proper criteria in the selection of tracks for
measurement and the failure to recognize the effects due to
scattering and convection, the quantitative results have been
lacking in exactness, and misleading in their interpretation.

2.10. The Beta Ray Spectrometer. The beta rays from ex-
cited nuclei consist of electrons varying in energy from a cer-

tain maximum value down to zero. The distribution of the
number of particles in each energy group seems to follow a cer-
tain natural law of probability. To observe this distribution
beta spectrometers of various designs have been developed.

a. Magnetic Semicircular Focusing Spectrometer. Figure 2.11
represents a very useful and practical form of spectrometer as
devised by Danysz 7 in 1912. It was later improved by Rob-
inson and Rutherford ® and has been subsequently used in
many investigations.

The source of radiation is placed at § and a photographic
plate is situated as shown perpendicular to the plane of the
figure. The source at § sends out a bundle of particles through

17{_i Danysz, Le Radium, 9, 1 (1912); 10, 4 (1913).
18 H. Robinson and E. Rutherford, Phil. Mag., 26, 717 (1913).
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the aperture 4B. A uniform magnetic field is directed per-
pendicularly into the figure. Those particles having the same
velocity will describe circles of the same diameter. If 4B is
located in the plane of the photographic plate and is not too
wide, then all electrons of the same energy will converge almost
at the same point P on the photographic plate. Actually the
greatest range is attained by the particles through a point C

{

PHOTOG'RAPHIC
PLATE

d

F1c. 2.11. Magnetic semicircular focusing beta ray spectrometer.

at the center of the slit, situated on a perpendicular from §.
Those rays on either side of C strike the plate at a point slightly
less distant from the slit than P, thus giving a diffuse image
with a sharp outside edge.

Beta rays of different energies would result in images P at
different distances from the slit. Instead of the photographic
plate it is now more common to place a slit at P through which
the electrons pass into a Geiger tube, connected to a counting
circuit. In this case the particles received travel on circles of
the same diameter and different energies are brought to the
Geiger tube by varying the deflecting magnetic field.
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When natural radioactive substances were first examined in
this device it was found that they exhibited certain “lines”
representing definite energy groups superimposed on a contin-
uous background. These lines of discrete energies are not true
beta rays but are really due to gamma rays that have been in-
ternally converted. In this process the gamma ray, in getting
out of its parent atom, gives up its complete energy to an or-
bital electron of the same atom, such as a K, L, or M electron.
Monoenergetic gamma rays from an assembly of such atoms
will thus be represented by a few groups of electrons each dif-
fering from the discrete gamma energy by the binding energy
characteristic of the K, L, M, etc., levels.

The relationship between the energy of a beta particle and
the radius of its path may be computed. For the circular mo-
tion of the electron e, the force toward the center due to a mag-
netic induction B and velocity v is

2
Bev = 7= @.1)
p
in which p is the radius of the path. The mass m is the rela-
tivity mass, equal to m,(1 — 82) ™" where m, is the rest mass
and B is the ratio of the velocity of the electron v to the velocity
of light ¢. The momentum P of the particle is then

P=my= VI F = Bep 2.2)
The energy # of the particle in relativity theory is
2
W = mc? — my?® = \/1——7—”_-1__5—._—6—2 — myc? 2.3)
On expansion this becomes
142810
W—-zmov 1+402+24c4+ 24

which shows how the classical value for the kinetic energy of
high-speed beta particles must be corrected, as 8 increases in
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value toward unity. An explicit solution combining equations

2.2 and 2.3 gives

- .lc. 72 + 2moc W] 2.5)

and the observed product Bp is approximately
Bp = -:;[W 2 2mt W VA (2.6)

This relationship is shown graphically in Figure 2.12, so that
in practice the observed Bp can be fitted to the curve and the
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Fic. 2.12. Energy-momentum relationship for beta particles.

value of # in Kev read off directly. It is apparent that at
high energies the value of Bp increases linearly with energy 7.
In the Appendix, Table AIII, data are given for electron en-
ergies up to 15 or more Mev.

b. The Electron Lens. A type of beta spectrometer known as
the electron lens is shown in Figure 2.13. A radioactive source
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§ is placed on the axis at one end of an evacuated cylinder.
The cylinder is surrounded by a solenoidal wound conductor.
At the other end of the cylinder is placed a detecting tube. Be-
tween the detecting tube and the source is a heavy absorber of
lead, as shown, so that no radiation can be received directly.
An arrangement of this sort was first suggested by Kapitza
and was constructed and used by Tricker in 1924.® For any
current through the solenoidal winding an almost uniform mag-
netic field will be set up through the coil parallel to its axis,

DETECTOR
SOURGCE

Fic. 2.13. Solenoidal wound electron lens spectrometer.

whose value is given by the expression 0.47#/, where 7 is the
number of turns per cm and [ is the electric current in amperes.

Any electron ¢ starting out from the source s, with a velocity
v, making an angle 9 with the axis, will experience a force caus-
ing it to execute a helical path. The component of the ve-
locity v along the axis is v cos 6 and this component carries the
electron from left to right with a uniform speed. The radial
component of velocity v sin 6 is at right angles to the magnetic
induction B and hence the electron experiences a force Bev sin .
As a result of this force the electron will trace out a circular
path as viewed along the axis, at the same time that it is being
transported. Some electrons will have precisely the right ve-
locity for a particular magnetic field so that they just traverse
a complete circle of radius R, as shown in Figure 2.14, while
they are carried along the tube from the source to the detector
a distance L. At the midpoint they are at their maximum dis-

¥ R. A. Tricker, Proc, Camb. Phil. Soc., 22, 454 (1924); see also C. M. Witcher, Phys.
Rev., 60, 32 (1941).
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placement 2R from the axis. They then arrive back again at
the axis tangentially just at the detector. In order that this
will happen; the time of transit in the circle, traversing the dis-
tance 27 R at the speed v sin 8, must just equal the time of trans-
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Fic. 2.14. End view of electron lens spectrometer showing projected motion of
electron.

port through the distance L by the speed v cos 6. This can be
expressed as

27R L L
vsinf  ovcosd’ °F cotan 0 = 2xR @7

Only those particles starting at this angle 8 can be successfully
received.
From equation 2.1 it follows that

mysin L tan g
Be ~  2r

p=R= (2.8)

Hence the momentum of the collected particles mv, which
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started out from the source § along the surface of a cone through
the system of baffles, is
BeL

my = ——— =
2w cos 0

CB =kl (2.9)
where C and k are constants. That is, the momentum of the
collected particles varies linearly with the electric current in
the solenoid. It is evident that the instrument can be cali-
brated for all energies by observing the electric current required
for the transmission of electrons of any single known energy.
An additional advantage of this type of spectrometer is that
fairly weak radioactive sources can be studied since, in effect,
the detector subtends a large
solid angle at the source.
‘ This same principle, except
WU on that the electrical conductors
are bunched in a short coil, is
used in focusing the beam in
electron microscopes.  Spec-
ouRce trometers for beta rays have
Fic. 2.15. Beta spectrometer with elec- been Similarly constructed.”
trostatic focusing. By changing the current
through the winding the mag-
netic induction B is changed and a different energy group of elec-
trons will negotiate the baffle system and arrive at the detector,
¢. Beta Ray Spectrometer with Electrostatic Focusing. It was
shown by Hughes and Rojansky # that by the use of a radial,
inverse first-power, electrostatic field a bundle of electrons of
the same energy could be focused in a manner similar to that
accomplished by a magnetic field. It was calculated that for
an angle of deviation equal to 127° 17’ two electrons starting
through the entrance slit as shown in Figure 2.15 will refocus
and pass through a receiving slit into the detector. A beta

(l; S;,e O. Klemperer, Phil. Mag., 20, 545 (1935); and M. Deutsch, Phys. Reu., 59, 684
41).

2 A. L. Hughes and V. Rojansky, Phys. Rev., 34, 284 (1925).
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spectrometer operating on this principle has been used success-
fglly by Backus.?? It is particularly adaptable to the measure-
ment of low energy particles. The inverse first-power, radial
field 1s provided by the two concentric electrodes made as grids
rather than solid plates to avoid scattering. The electrodes are
spaced about one inch apart with a mean radius of six inches
and the chamber is evacuated. A linear relationship exists be-
tween the energy of the particles and the voltage difference be-
tween the electrodes. -

If the mean radius is 7 and the outer and inner electrodes
have radii 7, and 7y, respectively, then it may be calculated for
the geometry shown that the energy # of the particles under-
going refocusing as shown is approximately—

Ve 7, v/

L2 30, — V) (2.10)
o)

2 log. (:)
1

In this equation /7 is the energy of the particles in electron
volts refocused by applying to the plates as shown, a potential
difference (¥, — ¥;) in volts.

2.11. Calorimetric Methods. When the radiation from ra-
dioactive bodies of any kind is absorbed by matter, the tem-
perature of the absorber is increased. 1his phenomenon was
first demonstrated by P. Curie and A. Laborde in 1903.2 By
arranging the junctions of iron-constantan thermocouples, one
in a specimen of pure barium chloride and the other in an iden-
tical specimen of “radiferous” barium chloride, a steady dif-
ference in temperature of 1.5° C. was observed. On putting
one gram of the “rgdiferous” barium chloride in a Bunsen
calorimeter they found that about 14 calories of heat were re-
leased per hour.

The amount of heat observed depends upon how completely
the various radiations are absorbed. Many subsequent in.

2 J, Backus, Phys. Rev., 68, 59 (1945).
2 P, Curie and A. Laborde, Comptes Rendus, 136, 673 (1903).

W =
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vestigations * to ascribe the proper heating effect to each type
of radiation have been carried out. When adjusted for a
source of one gram of radium, the number of calories released
per hour as reported by Rutherford for the various types of
radiation, from the equilibrium products are shown in Table 2.1.

TABLE 2.1
Alpha Rays
Source + Recoil Atoms Beta Rays | Gamma Rays Total
Radium. .. .. . 25.2 Cals.
Radon .......... 29.8
Radium A ....... 31.9
Radium B} ........ 37.5 6.3 9.4
Radium C
Totals........ 124.4 6.3 9.4 140.1 -«

The most recent experimental determinations % indicate that
139.6 calories are released in one hour by one gram of radium
in equilibrium with its products. To liberate energy at the
continuous rate of one kilowatt, 6140 grams of radium would
be required.

Calorimetric measurements were made by Ellis and Woos-
ter 26 to determine the energy of the beta radiation from ra-
dium E. This measurement was significant in the acceptance
of the neutrino.

The energy of the particles derived from the fission of ura-
nium was measured by the use of a sensitive calorimeter. It
was determined in this way by Henderson ¥ that the average
energy per atom on fission was about 186 million electron volts.

% S. Meyer and V. Hess, Wiener Ber., 121, 603 (1912); V. Hess, Wiener Ber., 121, 1
(1912); E. Rutherford and Robinson, Phil. Mag., 25, 312 (1913).

% S. W. Watson and M. Henderson, Proc. Roy. Soc. A, 118, 318 (1928); 1. Zlotowski,
Jour. Pkys. Rad., 6, 242 (1935).

% C, D. Ellis and W. Wooster, Proc. Roy. Soc. A4, 117, 109 (1927).

# M. Henderson, Phys. Rev., 58, 774 (1940).
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2.12. The Mass Spectrograph. In determining the proper-
ties of “positive” rays, in a discharge tube, J. J. Thomson
really constructed the first “mass” spectrograph. The colli-
mated beam of particles was allowed to pass first through a
magnetic field in which they received a horizontal deflection
and then through an electric field giving a vertical deflection.
The deflection of the particles was noted on a fluorescent screen.
A beam of positive particles all with the same mass but with
different velocities would spread out so as to form a parabola
on the screen. Other particles with the same charge but of
larger mass would appear as another parabola with smaller
displacement.

If the singly charged particles all are accelerated by the same
potential, then they will have a common energy. In this case
the magnetic field alone will suffice to resolve the particles with
respect to mass. An apparatus of this type in which the mov-
ing ions traced out semicircular paths was arranged and ex-
tensively used by Dempster.28

Beams of charged particles that are homogeneous electrically

2
my . my
(7- constant) or homogeneous magnetically (7 constant)

may be focused like a beam of light. A mathematical analysis
demonstrating the possibility was carried through by Fowler,?
and an apparatus was constructed and used by Aston. The
arrangement employed is shown schematically in Figure 2.164
and in somewhat more detail in Figure 2.16B. The narrow
beam of rays emerging from the cathode canal is spread into a
spectrum by the electric field. After the spreading in the
electric field, the rays may be regarded as emanating from a
virtual point source within the plates. Now just as it is pos-
sible to take advantage of the dispersive power of glass to form
an achromatic image, so may those singly charged particles of

B A, J. Dempster, Phys. Rev., 11, 316 (1918).
® F. W. Aston, Phil. Mag., 38,709 (1919); F. W. Aston and R. H. Fowler, Phil. Mag.,
43, 514 (1922); F. W. Aston, Nature, 137, 357, 613 (1936).
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the same mass be brought together by the magnetic field M to
a common point on the photographic plate P. Those particles
having a slightly different mass will arrive at a different point.

The accurate comparison of two masses in a_mass spectrum
depends on the determination of two quantities, the distance

between the lines and the dispersion constant. The Tatter

PHOTOGRAPHIC PLATE
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Fie. 2.16. (A) Schematic and (B) detailed sketch of mass spectrograph (Aston).

quantity is determined by a measurement of the interval be-
tween two lines due to masses differing by a small known
amount. The hydrides of the various elements are useful to
this end. It then becomes possible to investigate an unknown
element by bracketing it with another known element perhaps
in a different state of ionization so as to form doublets. Such
doublets as (O*, Ti*t), (N*, Fett), (Pdt, Bi?t), etc., have
been successfully used.

Since the excellent initial work of Aston a great number of
modifications in mass spectrographs have been introduced.
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Among the important contributors in this field are Dempster,
Bainbridge,* Jordan, Bleakney,® and Nier.#® A sketch of the
simple and effective apparatus devised by Nier is shown in
Figure 2.17. It is essential that a line through the source slit
and the receiving slit pass through the intersection of the two
inclined surfaces limiting the
magnetic field. In this case,
a dispersing beam of particles
of a given mass normal at the
first surface will leave the
second surface so as to come
together at the symmetrically
placed receiving slit. The an-
gle of refraction is 60 degrees.
To focus different isotopes at the collector, the accelerating
voltage at E, is varied. The ions are again slowed down by
a potential at E, so that no disturbing influence will arise by
secondary ions at impact, v

SOURCE E RECEIVER

F16. 2.17. Mass spectrograph (Nier).

QUESTIONS AND PROBLEMS “

1. The average energy of formation per pair of ions is 35 ev. A
beta ray of energy 1 Mev or more produces about 25 ion pairs per
cm. At 50 Kev or less about 200 ion pairs are produced per cm. Esti-
mate the range of a 1 Mev beta particle in normal air by assuming
the average ion production to be that of the mean. How will it be
different in practice?

Answer: 253 cm, much larger.

2. An alpha particle whose energy is 5 Mev has a range in standard
air of 3.51 cm. About how many ion pairs are produced during its
absorption, assuming the above energy per pair? Express the total
charge of one kind produced by the alpha particle in ESU and in
coulombs.

Answer: 1.425 X 10%,6.88 X 1073 ESU, 2.29 X 10~ coulombs
nA, Jl.‘Dempst.cr, Phys. Rev., 51, 67 (1937); 53, 64 (1938).
8 K. T. Bainbridge and E. Jordan, Phys. Rev., 49, 883 (1936); 51, 384 (1937).

2 W, Bleakney and J. Hipple, *kys. Rev. 53, 521 (1938).
8 A, O. Nier, Rev. Sci. Inst., 11, 212 (1940).
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3. A beta ray of energy 1 Mev is projected normally to a magnetic
field of 800 gauss. Compute the expected radius of curvature on us-
ing the relativistic mass.

Answer: 5.93 cm.

4. The capacity of the detecting element in an ionization chamber
and electrometer is only 4 micromicrofarads. The voltage sensitivity
of the electrometer is 5 divisions per volt. How many ions will be
required to give a deflection of one division? If the average length
of alpha paths in the chamber is 3 cm, what is the effect of a single
alpha particle?

Answer: 499 X 108 particles, 0.026 divisions per particle.

5. What mass of radium in equilibrium with its products would
supply energy at the steady rate of 100 watts? What mass of nor-
mally, disintégrating uranium would supply the same power?

meer: 616 gms., ~ 2000 tons.

6. If every gamma photon produces 2 ion pairs per cm along its
path, how many photons must pass per cm? to be represented by an
intensity of 2 roentgen units? How will this be affected by the pres-
ence of neighboring material?

Answer: 2.00 X 10°,



CHAPTER 3
INDUCED RADIOACTIVITY-APPARATUS

3.1. Early Experiments. Shortly after the discovery of ra-
dioactivity it was noticed that any material in close contact
with a radioactive substance became radioactive. This phe-
nomenon was described in many published papers and the sub-
ject was termed “Induced Radioactivity.” It was observed
that the nature of the induced radioactivity in any body de-
pended solely upon the nature of the original radioactive source
and not at all upon the material receiving the activity.

With the discovery of the radioactive families, it became clear
that the “induced radioactivity” was due to the arrival of a
disintegration product which was itself radioactive. Thus a
parent atom on disintegration might by chance result in the
heavy daughter atomic residue’s being projected out of the origi-
nal radioactive body into the contiguous material. For ex-
ample a radium atom of mass 226, will on disintegration yield
a helium nucleus of mass 4 and a radon atom of mass 222. To
satisfy the conservatlon of momentum, the velocity of the ra-
don atom will be 127 that of the alpha particle and hence its
energy will also be 11 as large. The energy of the alpha par-
ticle is 4.744 million electron volts, so the recoiling radon atom
has an energy of 85,000 electron volts. This potential is amply
sufficient if properly directed to carry the radon atom out of
the parent material and into the neighboring substance.

A crystal such as diamond will, if packed in radium for some
time, undergo an important change in color. The crystal will
in turn be found to be radioactive and will emit the same type
of radiation that characterizes radon. No physical agent will
remove the radon products from the surface, showing that they

have been driven in with great energy.
63
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3.2. Disintegration by Alpha Particles—Rutherford. In
1914, Marsden ! demonstrated that when hydrogen gas was
bombarded by the alpha particles from radium C some of the
hydrogen molecules were converted into protons and driven
forward. For an elastic collision, conserving momentum and
energy, it follows that a smgle proton would proceed forward
with a velocity v, equal to & the velocity of the incident alpha
particle v,. Tts energy would therefore be 4 < that of the alpha
particle. The alpha particle has a range 1n air of 6.97 cm or
an energy of 7.75 Mev, so that the proton receives an energy of

MICROSCOPE

r%I/SOURCE

U

1

ZnS " SCREEN

Fic. 3.1. Apparatus to detect disintegrations produced by alpha particles
(Rutherford).

4.96 Mev and should travel forward about 32 ¢cm in air or 128
cm in hydrogen. Marsden found scintillations on a zinc sul-
phide screen placed more than 100 cm from the source of alpha
particles.

This investigation made use of an arrangement as shown in
Figure 3.1. When the hydrogen gas in the chamber was re-
placed by pure nitrogen, scintillations were observed through
the microscope on the screen at distances as remote as if the
scintillations were made by recoil protons. On replacing the
nitrogen with oxygen, under similar conditions, no scintilla-
tions whatever were observed. Observations of this sort led
Rutherford ? to suspect that the nitrogen nucleus might be dis-
rupted by the impinging alpha particle, and might in its dis-
ntegratlon emit a proton, The protons were found to be

emitted in all directions from the bombarded element Such

1 E. Marsden, Phil. Mag., 27, 824 (1914).
2 E. Rutherford, Pkil. Mag., 37, 537 (1919).
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evidence confirmed the conclusions that with this simple ap-
paratus, controlled transmutation of an element was for the
first time accomplished.

This success with nitrogen ® was followed by an extended
investigation of all of the light elements of the periodic table.
Rutherford and Chadwick ¢ found evidence for the disintegra-
tion of all elements from boron to potassium with the excep-
tion of carbon and oxygen.” -

“In other laboratories similar investigations were made.
Kirsch and Petterson ® in Vienna found that carbon and sev-
eral other elements, which had been reported to be inactive by
the Cambridge scientists, were susceptible to disintegration.
Bothe and Franz ¢ obtained results more in agreement with
those of Rutherford and Chadwick.

3.3. Nuclear Cross Section. In any interaction between a
nucleus and another incident particle, it is frequently instruc-
tive to evaluate a “‘cross section” (¢) for the process concerned.
This can be very simply visualized as follows: .~

Each incident particle will sweep out a cylindrical volume
whose area is ¢ and whose length is equal to its depth of pene-
tration. Imagine N incident particles passing completely
through a thin layer of thickness # containing Q particles per
square cm. Suppose there result # interactions of the type con-
sidered. The effective volume swept out by the N incident
particles in traversing the layer # is No# cm3, and the average

. T .
volume per nucleus in the material is

cm3. Hence the

number of collisions is Not divided by é or

<

. n = NoQ, 3.1)
an
n 2
o= NO cm (3.2)

3 E. Rutherford and J. Chadwick, PAil. Mag., 42, 809 (1921).
4 E. Rutherford and J. Chadwick, Nature, 113, 457 (1924).

8 G. Kirsch and H. Petterson, Zeits. f. Phys., 42, 641 (1927).
8 W. Bothe and H. Franz, Zeits. f. Phys., 43, 456 (1927).
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It will be found in the various nuclear processes, to be con-
sidered later, that this quantity may have values ranging from
1072 c¢cm? to 10732 cm?. It is not inherently determined by
the dimensions of the bodies and for two given particles may
have different values depending upon the particular process
considered. This may be used to indicate the probability of a
nuclear reaction. Thus a reaction for which ¢ is 10~% is one
hundred times more probable than one for which ¢ is 10726
cm?.  The cross section 1072* cm? is commonly termed a
“barn.”

3.4. Disintegration by Protons—Cockcroft and Walton Ex-
periment. With the certainty that nuclear disintegrations
could be produced by alpha particles, numerous attempts were
made to accelerate other ions to sufficiently high speeds to pro-
duce a similar effect. Success was first attained at Cambridge
by Cockcroft and Walton 7 with the use of accelerated protons.
They used a voltage multiplying circuit similar to an arrange-
ment that had been used by T. E. Allibone to accelerate elec-
trons. The principle of operation of the apparatus is illus-
trated in Figure 3.24. Condensers of equal capacity are rep-
resented by Cy, Cs, Cs, etc. If the switch blades are in the
down position, then the battery B is connected across the con-
densers C; and Cs. On moving the blades to the up position,
condenser Cs transfers a proportional part of its charge to con-
denser C,. On the next downward movement of the switch
blades, C; transfers half of its charge to Cs which in turn passes
half of its charge on to Cs3. A continuous up-and-down motion
of the switch blades results in a movement of charge upward
until every condenser is charged to the potential of the battery.
The total over-all potential is the sum of that of the series con-
densers, and is applied to the discharge tube.

In the actual apparatus, as shown in Figure 3.2B, an alter-
nating voltage is applied and the switching action is accom-
plished by the use of rectifying vacuum tubes. The first ap-

7 J. D. Cockeroft and E. Walton, Proc. Roy. Soc., 129, 477 (1930).
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paratus attained an output of 300,000 volts. A subsequent
apparatus was designed 8 to yield energies up to 800,000 elec-
tron volts. In operation it was able to deliver a beam of pro-
tons up to 10 microamperes at 700 KV. On impact with lith-
ium or beryllium targets, an appreciable yield of alpha particles
was observed in all directions 1 1nd1catmg1mcM1e__at_1'____chs,lntegratlon.
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Fie. 3.2. Voltage multiplying circuit; (4) mechanical switching, (B) vacuum tube
switching (Cockcroft and Walton).

In fact, with lithium, it was found that protons having energies
as small as 20,000 electron volts could produce occasional dis-
ruptions.

The reaction involved was interpreted as the formation of
two alpha particles from the combining of the proton and the
lithium isotope of mass 7. This can be represented by an
equation as

1£[1 + 3Li7 d 4B€8 - 22FI€4 + Q.
8 J. D. Cockcroft and E. Walton, Proc. Roy. Soc. A, 136, 619 (1932).
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Fic. 3.3. Three million volt accelerator (Cockcroft and Walton).
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The term Q represents the kinetic energy of the two alpha
particles in excess of the kinetic energy of the incident proton.
It arises from the fact that the combined masses of proton and
lithium 7 are greater than the combined mass numbers of two
alpha particles by 0.01859 mass units. This mass corresponds
to an energy of 17.3 million electrop volts. This very large
amount of energy can then occasionally be set free by as little
as 20,000 electron volts or an energy magnification of 1000-fold
produced. At this low bombarding energy, however, the prob-
ability that one incident particle will produce a disintegration
is less than one in a million, so that no over-all gain in available
energy can be anticipated from this source. Oliphant and
Rutherford constructed a similar device, capable of delivering
a beam of 100 microamperes of deuterons at the relatively low
potential of 250 thousand volts. At this energy a high yield
of neutrons was produced by bombarding ice made of heavy
water. o ) T T

An enlarged unit designed to deliver particles whose energy
is 3 million electron volts is shown in Figure 3.3. The enor-
mous size of the equipment is revealed by the relative magni-
tude of the man in the picture.

3.5. Transformers. On account of insulation difficulties it is
not feasibléto raise the secondary voltage of a transformer to
indefinitely high values. By using a Tesla coil arrangement in
a tank of oil under pressure, Breit, Tuve, and Dahl ° reported
the production of several million volts but no application was
made of the output.

By arranging a succession of transformers each of which de-
velops a voltage such as 200 KV and in turn excites another
contiguous similar unit, an unlimited output voltage may be
derived with no insulation problem greater than that for 200
KV. Figure 3.4 shows a five-stage arrangement of this sort as
used by H. R. Crane,® with an output of one million volts.

?G. Breit, M. Tuve, and O. Dahl, Piys. Rev., 35, 51 (1930).
©H, R. Crane, Phys. Rev., 52, 11 (1937).
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The output of each unit is applied to accelerating cylinders in
the discharge tube. Ions are admitted and accelerated only
on the positive peak of the potential wave. This arrangement
was patterned after a similar installa-
tion at Pasadena constructed by Lau-
ritsen and his associates.! The mul-

SGUReE - tistage transformer was first developed
by Sorensen.?
200 kv 3.6. Use of Atmospheric Electricity,

It is a well-known fact that at most
places on the earth’s surface a rather
steep normal potential gradient exists.

This gradient is usually of the order
200 KV of 200 to 400 volts per meter, but in
mountainous country, particularly dur-

ing stormy weather, it may become as

200 Kv

ooy
(BT —BE0 Y T8\ 500

200 KV large as 100,000 volts per meter. In

1928 an attempt was initiated by

) Brasch ® and co-workers at Mount

200 KV Generoso to utilize this phenomenon in

the operation of a discharge tube at ex-

ton catey| | tremely high potentials. 8 report on

Y0 MAGNETIC the project was given in 1981, The ar-
ANALYZER

Fio. 34, Multote oy T2PEETIENE used is shown schematically
16. 3.4. Multistage hig . . . .
voltage transformer. in Figure 3.5.B. ’I:he l.ugh potenglal
pick-up terminal with its supporting

insulated cable stretching from one peak across to a neighboring
summit is shown in Figure 3.54. By raising or lowering the
grounded terminal G with a winch at C the gap between H and
G could be varied as desired. For a free height of 100 meters,
potential differences up to 15 million volts could be observed ¢

u C, C. Lauritsen and R. D. Bennett, Phys. Reo., 32, 850 (1928).

B R, W. Sorensen, Jour. A.I.E.E., 44, 373 (1925).

13 A, Brasch and F. Lange, Zeits. f. Phys., 70, 10 (1931). C. Urban, who conducted

the first experiments on atmospheric high potentials, lost his life thereby.
M A, Brasch, Naturwiss., 21, 82 (1933%.
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between G and H during and both before and after a severe
storm. No successful application of the high voltage was made.

A B

Fie. 3.5. (A) View of cable for high potential from atmosphere; (B) circuit plan.

3.7. The Impulse Generator. When charged condensers are
connected in series, the over-all potential difference is of course
the sum of the individual falls of potential, This principle
has often been used as a method of voltage multiplication.
The condensers can be charged in parallel and then shifted to
a series connection. This same procedure has been utilized in

=
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Fic. 3.6. An impulse generator for high voltage.

high-potential devices known as “impulse” generators. Figure
3.6 shows an arrangement as used by Brasch and Lange 1 capa-
15 A, Brasch and F. Lange, Zeits. f. Phys., 70, 10 (1931).
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ble of developing potentials up to 2.4 million volts. A full
wave rectifier supplies EMF to the condensers through the
high resistances as shown.

Each spark gap is in parallel with one resistance and one
condenser. When the potential across a spark gap becomes
sufficiently high it breaks down. The breakdown of any one
gap with its consequent lowering of resistance is immediately
followed by the breakdown of all other gaps if they are properly
adjusted. In this condition the circuit may be regarded as if
the high-valued resistances were not present and as if the line
of charged condensers are connected in series by the line of con-
ducting spark gaps. In operation, about 2 impulses were pro-
duced per second and the output used to accelerate particles
in the discharge tube shown on the left. The wall of this evac-
uated tube consisted of a stack of alternate conducting and
insulating rings of sufficient height to withstand the voltage
without external sparking.

3.8. The Van de Graaf Generator. Because of mutual re-
pulsion, any electric charge communicated to a conducting
body will distribute itself over the external surface. The idea
of using this principle as the basis of an electrostatic generator
was proposed as early as 1890 by Lord Kelvin.® It was forty
years later before a successful working model wi#s produced.
By supplying the charge continuously at the center of an insu-
lated metal sphere, R. J. Van de Graaf 7 in 1931, developed a
high-potential generator capable of a steady output. The elec-
tric charge was sprayed onto a moving insulated belt and con-
veyed to the center of a large sphere mounted on a cylindrical
textolite supporting post. Within the sphere the charge leaked
from the moving belt onto a collector system connected to the
sphere, and raised the potential accordingly. The maximum
limiting potential of the sphere is determined by the break-
down electric field in the gas at the surface of the sphere, or in
the supporting insulator.

1 John Gray, Electrical Influence Machines, Whittaker, London (1890).
1 R. J. Van de Graaf, Phys. Rev., 38, 1919 (1931)
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Suppose the radius 7 of a sphere is, say, 1 meter and the
limiting electric field &, at the surface is 30,000 volts per centi-
meter or 100 ESU. It follows that the limiting charge Q,,, the
maximum potential E,, and the capacity C (= 100 ESU) are
related as follows:

Om = CEn = 100En,
and

&n =100 = 55 = ——= = — 3.3)

Therefore
E, = 100 X 100 = 10,000 ESU

= 3,000,000 volts B4

The first generator consisted of two spheres, each 2 feet in
diameter and mounted upon neighboring insulated posts. One
sphere was charged positively and the other negatively. A
potential difference of 1,500,000 volts was obtained with a con-
tinuous current of 25 microamperes. Plans were then laid 1
for a similar machine with spheres 15 feet in diameter, capable
of producing 20 million volts. Due to various difficulties this
goal has never been reached.

The maximum electric field that can exist without break-
down goes to larger values if the pressure of the gas is increased,
or, even better, if the space is completely evacuated. This in-
dicated the possibility of higher potentials with apparatus of
smaller over-all dimensions, provided a gas-tight housing sur-
rounded the insulated charged conductor. To obtain a satis-
factory vacuum, considerable difficulty would be experienced,
and this procedure has not been tried. On the other hand
many installations have been put into operation, in which an
increased pressure is employed.

A 2.4-million-volt generator of this sort operating in a tank
at a pressure of 100 pounds per square inch was constructed at
Wisconsin by Herb and his associates.® Two additional fea-

18R, J. Van de Graaf, K. T. Compton, and L. C. Van Atta, Phys. Rev., 43, 149 (1933).
¥ R, G. Herb, C. Turner, C. Hudson, and R. Warren, Phys. Rev., 53, 579 (1940).
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tures have been introduced allowing still higher output volt-
ages with no increase in dimensions. A relatively small num-
ber of heavy gas molecules, such as freon (CCl,F,),. will, be-
cause of their large cross section for electron capture, increase
substantially the electric field needed for breakdown.

Under high pressure, air will withstand a greater potential
gradient in a short gap than in a long one. Accordingly, Herb

converted his generator from one with a
W single high-potential electrode to an ar-
HIGH PRESSURE rangement of three separate concentric elec-
trodes. Each was connected to a respective
point distributed along the output resistance,
so that in effect there were now three series
gaps. In this way the output voltage was
raised from 2.5 up to 4.5 million volts.

A compact unit capable of generating up
to 4.5 million volts as developed by Dr. Van
de Graaf is shown in Figure 3.7. This ma-

gchme may be used to accelerate either elec-
" btrons or protons. The method of spraylng
Fio. 37, ( A)Planof ©0n and removing the negative or positive
the Van de Graaf gen- charge at the sphere is shown schematlcally

crator. in plan A4 and a skeletal view of the entire
apparatus in view B. The discharge tube is usually sur-
rounded by corona rings to distribute the potential uniformly.
The accelerated electrons or protons impinge on a target, pro-
ducing X-rays or nuclear disintegrations.

Many larger installations have now been constructed and put
to use for accelerating heavy ions.® The dimensions have
been chosen so that voltages up to 10 million could be expected.
These voltages have not been attained, usually because of leak-
age along the surfaces of the insulators.

20 See W. H. Wells, R. Haxby, W. Stcghens, and W. Shoupp, Plx&; Rev., 58, 162
(1940); M. A. Tuve, L. R. Hafstad, and O. Dahl, Dept. Terr. Mag. ashmgton, Re-

ports (1941).
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Fie. 3.7. (B) Skeletal view (Van de Graaf, Buechner, Woodward, Mclntosh,
Burrill, and Sperduto).
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3.9. The Linear Accelerator. In 1929, R. Wideroe 2 pro-
posed an accelerating tube in which the output voltage should
be many times that of the input. The tube should be pro-
vided with a large number of hollow cylindrical electrodes of
progressively increasing length all arranged along a common
axis. This was called a “linear accelerator.” A schematic dia-
gram of the device is shown in Figure 3.8. A working model
| weer, Of the apparatus, provided

A= __‘i__:_:_l— ,9_ with 30acceleratingelectrodes,
T~ was described by Sloan and
v @ Lawrence in 1931.2 A high-
OSCILLATOR frequency generator operating

(Zr3e |

at an output of 10 megacycles
Fic. 3.8. The linear af:clelerator for high per second has its terminals
crerey paracies. connected.- to .the accelerating
cylinders_arranged in two groups. One terminal is connected
to the group consisting of electrodes numbered 1, 3, 5, etc.,
and the other terminal goes to the group of remaining cylinders.
In order that ions beginning at the source § may be carried
continuously along the tube from left to right it is necessary
that the distance from the center of one cylinder to the center
of the next, including the gap, be just sufficient so that the
time of transit of the particle between the two points is one-
half of the period of the oscillating current. For the early
stages this means steps with lengths in the ratio of the square
roots of successive integral numbers, since the ions gain equal
increments of energy at each acceleration. At very high en-
ergies the velocity of the ions approaches the velocity of light
as a limit, hence each energy increment is mainly represented
by an increase in mass rather than velocity.
The output of the first arrangement was about one-tenth mi-
croampere of mercury ions at an effective voltage of 1,260,000.
On increasing the input voltage from 42,000 to 79,000 and add-

A R, Wideroe, Arch. f. Electrotech., 21, 387 (1929).
2D, Sloan and E. O. Lawrence, Phys. Rev., 38, 2021 (1931).
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ing six more accelerating cylinders, the output energy was
raised to 2,850,000 electron volts.?

A linear accelerator with a somewhat different principle for
applying the high frequency input has been described by
J. Beams.* In this apparatus a voltage wave was sent along
a loaded transmission line, connected to accelerating cylinders
so that the voltage surge traveled along the tube at the same
velocity as the ions.

Many suggestions have been made pointing to the possibility
of potentials up to a billion volts by the use of an increased
tube length and more electrodes. Each electrode could be a
hollow oscillator so that by proper phasing the ion would re-
ceive its energy increment while within the hollow electrode,
and then be passed into each successive electrode for additional
impulses. By using higher frequencies the tube may be corre-
spondingly shortened. Several installations are at present
under construction, some using frequencies as high as 3 X 10°
cycles per second. It is hoped the energy of the particles will
be about a million electron volts per foot length of tube.

3.10. The Focusing of Ioms, Electrically. It might be
thought that in a long discharge tube, the beam of ions would

Fic. 3.9. Showing the focusing effect of the gap between charged coaxial cylinders.

become dispersed as the distance from the source increased.
Figure 3.9 shows that this is not true. This figure shows the
2 D, Sloan and W. Coates, Phys. Rev., 46, 539 (1934).

% L. Snoddy, H. Trotter, W. Ham, and J. W. Beams, Jour. Fran. Inst., 223, 55 (1937);
see also Bulletin Amer. Phys. Soc., 21, 5 (1946).
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net core. Within the tank are two hollow D-shaped electrodes
as shown, supported by long copper arms whose position can
be adjusted. These electrodes are called “dees” and they are
connected so as to form an oscillating circuit of high frequency,
usually about 12 million cycles per second.

The tank is first evacuated to as low a pressure as possible
and then an appropriate gas to become the source of ions is in-
troduced. At the center of the tank on either the floor or the
ceiling is a filament maintained at a high negative potential.
The column of ejected electrons from the filament will, on
striking the gas, yield a column of atomic ions in the space be-
tween the dees.

In the presence of the electric field the positive ions are ac-
celerated toward and into the negative dee. On traveling
through the magnetic field they will experience a force normal
to their velocity, which will result in their describing a circular
path of radius ». The centrifugal and centripetal forces are
equal. If B is the magnetic induction, ¢ the electronic charge
in electromagnetic units, and m the mass of the ion moving at
the velocity v, then these forces are

2
Bey = my
’
so,
my

Within the hollow dee the electric field is zero and hence the
ions will traverse a semicircle which will carry them around
and back into the gap. Now if the time of transit for the ion
in the semicircular path is equal to the time of one-half cycle
of the high-frequency oscillation, then the ion arriving at the
gap finds the field reversed and is again accelerated, this time
into the other dee. The increased velocity results in the ion
describing a new half-circle of larger radius. The success in
operation depends on the important fact that the times for all
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half-circle transits, neglecting relativity corrections, are the
same.

The time ¢ for the transit of a half-circle is the distance =7
divided by the velocity v. On introducing the value of # from
equation 3.5 it follows that

fo T _mmy _ mom (3.6)

so that the radius 7 of the orbit does not influence the time.

It is also apparent that the final energy of an ion of definite
mass and charge must vary as B? and as the square of the
maximum radius, because from equation 3.5

2 1 2
2 _ n22(f 2P zz(i)
v? = B?% (m) and 5 M =3 B?r - 3.7

It also follows that any change in the frequency 7 must be
compensated by a corresponding change in magnetic induction
B to maintain resonance, because from equation 3.6

n=-—=——R~ (3.8

Hence for protons, # = 1525B and for alpha particles or deu-
terons, n = 7708.

In practice the accelerated ions may have such large ener-
gies that their velocity (u) becomes appreciable compared to
the velocity of light (¢). In this event their mass is the rela-

. . mo .
tivity mass 7z which is equal to ———=—=—==- It might be ex-

V1 = v?/c?
pected that this condition would make for a lack of resonance
at high energies and hence place an upper limit on the output
of the device.® This limit can be defeated by two factors. If
the m increases with energy, it is apparent from equation 3.8
that it is only necessary that B increase accordingly, in order
that ¢ be constant. This can be accomplished by a proper ar-
% M. E. Rose and H. A. Bethe, Phys. Rev., 53, 206, 675 (1938).
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.

rangement of the magnetic field so that it increases slightly at
greater distances from the center.

Another factor aiding in extending the high energy upper
limit is the use of a very hlgh oscillating voltage on the dees.
In this way the ions will receive a larger increment of energy
each impulse and will acquire their final energy with as few

Fic. 3.11. The 10 million electron volt beam of deuterons from the Michigan cyclotron.

round trips as possible and all disturbing factors will produce
a minimum effect.

As the ions approach a limiting outer radius they are devi-
ated by a deflecting plate charged to a high negative potential.
This electrode is placed almost tangential to the ion path and
exerts an electrostatic radial force on the ion. This force is
sufficient to bring the ions completely out of the tank if de-
sired.

The particles found to be most eﬁ'ectlve in nuclear disinte-
gration are deuterons. 1hese atomic ions are produced by the
ionization of heavy hydrogen. Figure 3.11 shows the 10
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&

million volt beam of deuterons produced by the Michigan
cyclotron and projected into the air through a range of about
64 cm. The bluish glow in the path of the deuterons is suffi-

cient to photograph in the dark. Under ideal adjustment the
rgmwmmnmmmm In prac-
tice it may happen that the beam

is not entirely homogeneous.
On using helium gas, alpha par-

ticles with a total energy twice O\
that of the deuterons, for the M T 3 o \
i
same geometry, are produced. e
[

. . 9'”;!“1;""’;’1
The ions may be kept in a \i!"i) it lvesli)
median plane, as they describe
their circular paths, by the
proper adjustment of the mag-
netic field resulting in magnetic
focusing. Because of the fringing Fio.3.12. Iilustrating the focusing of
at the edge, the lines of force ionsin the cyclotron by the fringing of

. the magnetic field.
will be bowed outward as shown
in Figure 3.12. It is apparent, therefore, that an ion either
above or below the median plane will experience a force directed
toward the center.

Cyclotrons yielding larger and larger outputs, both in cur-
rent and energy, have been constructed. These are frequently
rated by the diameter of the pole pieces used. The output en-
ergy is approximately proportional to the square of the diam-
eter. The 37-inch Berkeley cyclotron was finally able to pro-|
duce deuterons of about 7 million electron volts. The later, ,
larger machine with a 60-inch diameter is able to produce deu-
terons with an energy of about 20 million electron volts. At
the same frequency the 184-inch machine now under construc-
tion should yield about 200 million electron volt deuterons.

Many improvements in technique have been contributed by
various workers in the field. One advance, allowing much
nigher voitage on the dees, is 2 mounting and connection so
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that each dee with its support constitutes a quarter-wave line.
This eliminates the need of glass or porcelain supporting insu-
lators for the dees, with all the difficulties associated with their
use, such as puncture or breakdown. It adds somewhat to
the awkwardness of the apparatus, as the supporting arms must
be much more massive, as shown by Figure 3.13B, which is
the tank assembly of the cyclotron at the Massachusetts Insti-
tute of Technology, with the cover of the chamber # removed.
The magnet of the same cyclotron is shown in Figure 3.134.

The output of a cyclotron is not continuous but consists of
pulses of ions arriving at the target. For eac -
ternating current two yould be initiated so that for 10
megacycles, 20 million ion groups would arrive at the target
f)—e?g—s::%&. Larger ion currents have been obtained by the
use of an arc source, instead of a hot-wire filament.

Another method of defeating a limitation on maximum en-
ergy may be recognized. If the magnetic field does fall off as
the radius increases and if the mass of the particle at the same
time increases, then, as indicated by equation 3.6, ¢ for the
outer half-circles must obviously be greater. By starting a
pulse of ions at the center and slightly modulating the fre-
quency toward lower values, the condition for resonance can
be maintained for that group of particles from the center to
the outer radius. The frequency now returns to the original
value and a new pulse of ions is in turn escorted outward to the
target. By this frequency modulation the relativity variation
in mass can be effectively dealt with, but the average output
current is reduced since the interval between the arrival of
ion pulses is appreciable. [Erequency modulation has been
arranged for the 37-inch cyclotron at Berkeley by Dr. Richard-
son, so that it is capable of yielding protons of 15 Mev
energy. -

A useful nomograph relating the energy, the range, the maxi-
mum radius, the magnetic induction, and the wave-length of

# M. S. Livingston, J. Buck, and R.-D. Evans, Pkys. Rev., 55, 1110 (1939).
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the oscillator for alpha particles, protons, or deuterons in the
cyclotron is presented in Figure 3.14.

3.12. The Betatron. A device particularly suited to acceler-
ating electrons to high potentials was first developed by D. W.

WAVELENGTH FIELD RADIUS ENERGY RANGE
METERS KILOGAUSS INCHES MV, CM.
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Fic. 3.14. Nomograph relating wave-length, field, and radius of cyclotron to energy
and range of protons, deuterons or alpha particles.

Kerst in 1940.% The apparatus was called a “betatron’’ and
its functioning depended upon well-known physical principles.
The initial unit was able to speed up electrons to an energy of
2.3 million electron volts. This was soon followed by an en-
larged unit * with an output of 20 million electron volts. Sub-

© D, W. Kerst, Phys. Rev., 60, 47 §l941).
aD. W. Kerst, Phys. Rev., 61, 93 (1942).
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sequent development of a much larger instrument at the Gen-
eral Electric Company resulted in a 100 million volt beam of
electrons.

The principle of operation may be readily understood by re-
ferring to Figure 3.15. If the magnetic flux within the circle
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Fic. 3.15. Showing the principle of action of the betatron, magnetic flux increasing
into the page.

perpendicular to the page be increased, as by bringing a north
pole toward it, then any turn of wire about the circle will have
an EMF induced in it, whose instantaneous value is the time
rate at which the magnetic flux changes and is represented as
dp/dt. This would tend to make positive electricity travel
about in a counterclockwise sense, and electrons in a clockwise
directionf? If the electrons were in free space they would only
start their clockwise transit and continue tangentially. How-
ever, if they also were traveling in a magnetic field also directed
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into the paper, then from the “motor” rule they would ex-
perience a central force perpendicular to their velocity. If this
force were precisely the right magnitude, then the electron path
would be circular. As long as the flux through the central
area is increasing, so long will the EMF continue in the same
sense and the faster the electron will go. Now if the magnetic
induction B at the electron orbit increases at the same rate as
the momentum of the electron, then the path of the electron
will be a circle of constant radius .

“The energy acqm by any charge ¢ on falling through a
potential difference E is ¢E. Hence, if the velocity acquired
by the electron is sufficient to carry it around many trips while
E persists, then the final energy is the energy per turn multiplied
by the number of trips. The time derivative of the flux ¢ is
the instantaneous electromotive force in the surrounding loop
and for some change from ¢; to ¢, in a time ¢, the average

electromotive force E is 21—:;-——% For the electron at the
path of radius r there exists a tangential electric field & = Yy

and a force F equal to &¢. The acceleration a of the electron
of charge ¢ and mass m is then
F e eE e P2 — ¢y

= m T m mlnr  m  2art (3.9)

A typical calculation may be carried through to note the
order of magnitude of the various quantities. In the electro-
magnetic system imagine ¢ — ¢; = 1,000,000 maxwells in
Tooo Sec., then for a radius of 10 cm, £ = 10 volts and 4 =
2.8 X 10" cm per second per second. If it were not for the
increase in the mass of the electron, the velocity of the electron
would have practically attained the velocity of light in the inter-
val of 1¢%5 sec. In this time it would have traveled 1.4 X 107
cms or 224,000 times around. It would therefore have gained
in energy 2,240,000 electron volts.
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Actually, due to the increase in mass as the velocity of the
electron approaches the speed of light, a condition is attained
where the velocity changes only slightly with increased energy.
On equating the force toward the center Bev to the centrifugal
force mv?/r it follows that the momentum

my = Ber (3.10)

Hence to keep r constant, any change in_momentum mpy

must be compensated by a corresponding change in B. Any
change in momentum A(mv) may thus be represented as

A(mv) = (B, — B))er (3.11)

The same momentum change of the electron was due to an
impulse from the induced electric field &, so that

(P2 — p1)e
2mr

On equating the last terms in equations 3.12 and 3.11, it
follows that

E
A(my) = Ft = get = - o = 3.12)

B,—B, =% il (3.13)

27r
The flux ¢ through the circle may be regarded as the product
of the circular area and the average value of the magnetic in-

duction B within the circle. If the magnetic induction at the
orbit 1s zero when the flux is zero then at any subsequent time
the B at the orbit must be just one-half of the average B within
the circle. T

A sectional view of the accelerator is shown in Figure 3.16.
By tapering the pole tips to a smaller clearance at the center,
the condition of a larger average B within the orbit is achieved.

The electrons are injected from a hot filament and speeded
up by an accelerating field. In their transit they may spiral
slightly inward or outward depending upon focusing conditions,
until they reach a stable orbit. As the flux increases, the iron
at the center will ultimately approach saturation. When this




90 INDUCED RADIOACTIVITY-APPARATUS

condition is attained equation 3.13 is no longer satisfied and the
orbit tends to grow smaller. When a slightly smaller radius is
reached the particle impinges upon a target, usually consisting
of a thin sheet of tungsten. At this high energy the efficiency
of X-ray production is ver , so that with beams so far
possible, cooling the target offers no serious difficulty.

The varying magnetic field is usually achieved by applying
to the large magnet, made from assembled sheet-steel lamina-

LAMINATED YO K E OF MAGNET

LAMINATED Y (} KE OF MAGNET
F1G. 3.16. A sectional sketch of betatron.

tions, an alternating current whose frequency lies between 60
and 600 cycles per second. A secondary winding on the iron
core is tuned to resonance at the desired frequency by the use
of a large condenser. The ions are accelerated only during one
quarter of the cycle.

At the University of Illinois a unit capable of developing 250
million volts is projected. The impressive 100 Mev unit de-
veloped at the General Electric Company is shown in Figure
3.17. The huge electromagnet weighing more than 125 tons
consists of over 100,000 thin pieces of silicon steel fastened to-
gether with cement. The doughnut-shaped vacuum chamber
is 6 feet in diameter and its edge can be seen in the figure.

It has been shown by Kerst # and others that the amount
of iron needed may be greatly reduced if the magnetic flux is

8D. W. Kerst, Phys. Rev., 68, 233 (1945).
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biased to a negative value. This may be accomplished by using
a relatively small number of back turns about the soft-iron
pole tips, carrying a steady direct current. The change in
flux, accelerating the electron, then begins at a negative value

rather than at zero.

Fic. 3.17. The 100 million volt betatron at the General Electric Co.

3.13. The Neutron Howitzer. A mixture of radon with
beryllium filings is an effective steady source of neutrons. If
a beam of neutrons is desired, a collimating arrangement may
be employed as shown # in Figure 3.18. The outer surface of
the paraffin is coated with a layer of cadmium, which effec-
tively absorbs the thermal neutrons resulting from the slow-
ing down of fast neutrons in the paraffin.

The same type of collimation may be effectively applied in
connection with the cyclotron when it is used as a source of

8 P. Powers, H. Carroll, J. R. Dunning, Phys. Rev., 51, 1112 (1937); $6, 266 (1938).
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neutrons. If high-energy deuterons are allowed to fall on either
beryllium or lithium an intense emission of neutrons ensues.
Such sources may be equivalent in
neutron yield to that from thou-
sands of grams of radium plus be-
ryllium. A possible arrangement of
the neutron collimator is shown in
Figure 3.19. An arrangement of
this sort has been described by
Aebersold * for the 60-inch Berkeley
cyclotron. The direct gamma radi-
ation from the bombarded beryl-
lium is absorbed by the 3-cm lead
wall.

By utilizing the piles or reactors,
described later under Fission, intense neutron beams may be
obtained. On inserting a block of carbon through the shielding
wall a column of thermal neutrons may be drawn off.

3.14. The Synchrotron. In the betatron the energy com-
municated to the electron per turn is very small, so that, in
total, many turns must be made to build the energy up to an

NEUTRON HOWITZER

"F1c. 3.18. The neutron howitzer
(Dunning).

Be TARGET

NEUTRONS -—
PLUS =—
GAMMA RAY DEUTERONS

Fie. 3.19. Collimating arrangement for a beam of neutrons.

exceedingly high value. Many suggestions % have been made
of alternative methods to achieve the same result more easily

# P, Aebersold, Phys. Rev., 55, 596 (1939).
% See V. Veksler, Jour. Phys. USSR, 9, 153 (1945).
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Ly the direct application to the particle of high-voltage im-
pulses. The particle would still be kept in a circular path by
a magnetic field. A proposed device has been described by
McMillan # and called the “synchrotron.” The multiple ac-
celeration of the particle in a circular path is accomplished by
the betatron effect together with the application of a high-
frequency voltage. This voltage can be applied by allowing
the particles to pass repeatedly through a cavity resonator as
produced by a “klystron” oscillator or any other equivalent
circuit. By varying B as in the betatron, together with the
application of frequency modulation, the ion is kept in a semi-
stable orbit increasing only slightly in radius as the energy
changes. Estimates are made that either electrons or heavy
ions can be given energies up to the billion electron volt range.

QUESTIONS AND PROBLEMS

1. The large Van de Graaf generator originally built at Round Hill
consisted of two insulated spheres 15 ft. in diameter, one to be charged
positively and the other negatively. Assume that the electric field
can be built up to 15,000 volts per cm without serious corona loss or
breakdown. Express the electrical capacity of each sphere, its maxi-
mum charge and the maximum possible potential difference between
spheres.

Answer: 228.6 ESU, 271.3 X 10* ESU, 6.87 Mev.

2. The charge is carried up in each sphere by a belt 50 in. wide
running at a speed of 10 ft. per second. How many electrons are
carried per sq. in. of belt in the negative sphere if a current of 100
microamperes flows in a discharge tube between the two spheres?

Answer: 1.04 X 10" electrons per sq. in.

3. The cyclotron oscillator operates at a wave-length of 26 meters.
What magnetic field would be required for resonance using (4) pro-
tons, (4) deuterons, (¢) alpha particles, and (4) electrons? If the di-
ameter of the circle of maximum radius is 44 in., what is the energy
of the emergent beam in each case?

Answer: 7570, 15140, 15000, 4.123 gauss; 8.5, 17.3, 34, 0.0046
Mev.

% E. M. McMillan, Piys. Rev., 68, 143 (1945); see also D. M. Dennison, T. Berlin
and H. R. Crane, PAys. Rev., 69, 542 (1946).
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4. If the effective voltage between duants is 40,000 volts, for cases

(@) and (%) above, how far does each proton and each deuteron travel?
Answer: 179.5 meters, 358 meters—minimum.

5. In the impulse generator shown in Figure 3.6, the capacity of
each individual condenser is 0.01 microfarads. A full-wave rectifier
delivers the output of the transformer whose rms value is 80,000 volts
at a frequency of 60 cycles per second to the bank of condensers.
What is the maximum voltage across the discharge tube, and the
average discharge current?

Answer: 1.244 million volts, 135 milamps. :

6. In a large betatron assume that the average flux density within
a circle of diameter 6 ft. changes linearly from zero up to 12,000 max-
wells per sq. cm in 1/500 sec. What is the energy given to an electron
each revolution at the 6-ft. diameter? What is the acceleration of the
electron? How fast will it be moving at the end of the above interval,
how many trips will it make, and what is its final energy?

Answer: 1578 ev, 48.4 X 10" cm per sec?, ~3 X 10'® cm per
sec., 1.042 X 105, 164 Mev.



CHAPTER 4
ALPHA RAYS

4.1. Discovery. By 1899 it had been shown by Becquerel
and others that a strong perpendicular magnetic field could
resolve the radiation from radium into two components. A
deflected portion was called beta radiation and the entire
undeflected part was originally termed alpha radiation. In
1900 Villard ! found that the non-deflected component was in
large measure absorbed by thin layers of material, but a smaller
portion of the radiation was able to penetrate fairly thick layers.
In 1903, by the use of a strong magnetic field Rutherford *
succeeded in deflecting the easily absorbed portion of the pre-
viously non-deflected radiation but the penetrating component
showed no deflection. The deflected component was bent in a
direction opposite to that of the beta radiation and hence was
positively charged. This beam was termed ““alpha’ radiation
and was later shown to consist of a stream of helium ions;?
that is, helium atoms each of which was stripped of its two
orbital electrons. On collecting alpha radiation the electrons
are recaptured and normal helium gas appears.

4.2. The Specific Charge of the Alpha Particle. The appli-
cation of a field of magnetic induction B to the collimated beam
of alpha particles from a radium source, will result in any
particle of mass m, charge ¢, and velocity v, describing a circular
path of radius , because of the central force F, given by—

Fc = ="'r—- = Bev (4.1)

1 P, Villard, Comptes Rendus, 130, 1178 (1900).
? E. Rutherford, Phil. Mag., 5, 177 (1903).
3 E. Rutherford, Phys. Zeits., 4, 235 (1903).

95
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In another observation an electric field & is applied so as to
produce a deviation opposite to that produced by the magnetic
field. On applying both fields simultaneously so that the net
deflection is zero, then

F = Bev = ge 4.2)

Since in the magnetic deviation the charge is expressed in
electromagnetic units and in the electric deflection, electrostatic
units are employed, it follows that

c&
V= — 4.3
: @3
where ¢ is the velocity of light. On substituting this value
of v in equation 4.1, the specific charge e¢/m can be expressed in
terms of measurable quantities as

e v g
m 1B rB? (49

This procedure has been followed in many investigations on
alpha rays from various sources.* It was not at first recognized
that the alpha particles from a source might have several
velocities, and consequently it was not at once concluded that
their ¢/m was unique in value.

The first reported values, given by Rutherford, were that
e/m was 6300 electromagnetic units per gram and v was 2.5
X 10° cms per second. It was subsequently shown, particu-
larly on using polonium as a source, since its particles have a
single velocity, that the value of ¢/m was about 4300 in the
same units. On comparing this with the corresponding value
for positive rays in discharge tubes the former was found to
be only half as large.

The positive rays had been assumed to be singly charged
ions of hydrogen. It was therefore concluded that alpha rays

4 E. Rutherford, Phys. Zeits., 4, 235 (1902); T. des Coudrés, Phys. Zeits., 4, 483

(1903); A. S. McKenzie, Phil. Mag., 10, 538 (1905); E. Rutherford and T. Royds,
Phil. Mag., 17, 281 (1909).
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were either singly charged hydrogen ions of mass 2 or doubly
charged ions of helium. Since helium was generally found in
radioactive ores it was reasonable to accept the latter choice.
The best experimental value for ¢/m for alpha particles up to
1928 appears ® to be 4813 electromagnetic units of charge per
gram.

Using the most recent values for the electronic charge and
the mass of the helium atom, Birge® computes the specific
charge to be 4822.3 .05 in the same units.

4.3. Range of Alpha Particles. Early experiments showed
that alpha rays were readily absorbed by thin layers of mate-
rials. Even in gases their range was only a few centimeters.
Unlike most other radiations their absorption in matter does
not follow the exponential law. It was suggested by W. H.
Bragg 7 in 1904 that the ionization along the path could be
expressed as proportional to V7 + ¢ where 7 is the number of
centimeters from the end of the range and ¢ is a constant equal
to 1.33. It was later shown that this apparent decrease in
ionization along the path was due to the fact that from radium
there were several groups of particles, each with a different
range. In any one range, theoretically, no particles were lost
until the full thickness was traversed. This peculiarity in
absorption would be expected if the heavy helium ions initially
were all of the same energy and in passing through matter pro-
duced a trail of ions. The ions produced consist of electrons
detached from the neutral atoms of gas, and an equal number of
positive ion residues. Each ion-pair formed in air represents
about 35 electron volts loss in energy to the alpha particle.
The energy lost and the ionization produced are not exactly
proportional. This is due to the fact that the ions produced
possess varying amounts of kinetic energy, and some electrons
are merely lifted to metastable levels producing excited but

¢ E. Rutherford and H. Robinson, Phil. Mag., 28, 552 (1914); G. H. Briggs, Proc. Roy.
Soc. A, 118, 549 (1928).

¢ R. T. Birge, Rev. Mod, Phys., 13, 233 (1941).

" W. H. Bragg, Phil. Mag., 8, 719 (1904); 13, 333 (1907).
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not ionized atoms. The mass of the alpha particle is about
7440 times that of the electron; hence, in collision of the two,
the alpha particle loses little momentum.

The number of ions formed per centimeter of path, often
called the “specific ionization,” is found to be a function of the
velocity. In general, the slower the velocity the greater the
specific ionization, as if the longer the time the alpha particle
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Fic. 4.1. The variation in specific ionization along the path of alpha particles from
polonium and from radium C'.

spends in passing a group of atoms the greater is its chance
of creating ions. The variation in specific ionization in air
under standard conditions, produced by the alpha rays from
polonium and from radium C’ is shown 8 in Figure 4.1. By
taking the ionization about 5 mm from the end of the range as
1.0, then the initial ionization is only about 0.42. Occasionally
an alpha particle suffers an impact with a nucleus and then it is
likely to suffer a sudden refraction. This is an event with a
low probability of occurrence.

An alpha particle having spent all its energy comes to the
end of its course. Since all particles in a group have initially

8 G. H. Henderson, Phil. Mag., 42, 538 (1921); 1. Curie and F. Behounek, Jour. de
Phys., 7, 125 (1926); 1. Curie and F. Joliot, Comptes Rendus, 187, 43 (1928).
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the same energy and on the average produce the same ionization
per centimeter, then their range will be the same. This approx-
imate uniformity in range is demonstrated in Figure 4.2, 4 and
B. These are the photographs of cloud tracks produced by the
alpha radiation from a source of Th(C + C’). The two ranges
of the particles from thorium are 4.78 and 8.62 cms and the
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RANGE OF ALPHA PARTICLES IN AIR (CM.)
Fic. 4.3. Range-energy relationship for alpha particles.

groups are easily distinguished in 4. In B the paths of the
particles are shown enlarged at the end of their range. The
collision of one alpha particle with a nitrogen atom is revealed
by the tracks of both recoil particles.

The ranges of various alpha groups have been the sub_]ect
of many investigations. Typical of the results obtained are
those of Geiger,® who found for radium C, thorium C, and
thorium C’ respectively, ranges of 6.608 cm, 4.538 cm and
8.168 cm in air under standard conditions. For ranges between
3 cm and 8 cm a relationship known as Geiger’s law states that

* H. Geiger, Zeits. f. Phys., 8, 45 (1921).
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range R varies directly as the cube of the velocity v. Since
the kinetic energy /7 varies directly as the square of the
velocity, then the range varies directly as the § power of the
energy. This may be represented by an equation as

R = av® = pp% (4.5)

where 2 and & are constants. The numerical value of 4 is
found to be about 9.67 X 1072, At greater velocities the
range varies more nearly as v* and at lower energies the range
varies almost directly as v'%, No simple formula satisfies the
range velocity relationship for unlimited energies. Figure
4.3 shows graphically the range in centimeters of standard air
for alpha particles with energies up to 8 million electron volts
as determined by Mano.® These ranges have been calculated
by Bethe and Bloch 1 and the curve has been experimentally
verified and extended by Holloway and Livingston.®

Figure 4.2C shows the path of an alpha particle in a photo-
graphic emulsion. The energy may be determined by count-
ing the number of activated grains comprising the path.

4.4. The Straggling of Alpha Rays. It at first appeared that
the alpha rays from a particular source terminated abruptly
after traversing a certain definite thickness of absorber. On
attempting to express this thickness precisely, the true value
appeared slightly uncertain. This is illustrated by Figure
4.4 which represents # the end of the range of the particles
from radium C’in air. This result was obtained by a careful
é‘u@y of the alpha tracks observed in a Wilson cloud chamber.
An sgplanation of the effect had already been proposed by
Darwin “ and by Bohr.®* The path-lengths of the alpha
particles in a monoenergetic group will be arranged about a
most probable value according to the Gaussian law of errors.

10 G, Mano, Jour. de Phys., 5, 628 (1934).

1 H. Bethe and F. Blocﬁ, Ann. de Phys., 16.3, 285 (1933).

2 M. Holloway and M. S. Livingston, PAys. Rev., 54, 18'(1938).

B 1. Curie and P. Mercier, Jour. de Phys., 7, 289 (1926); L. Meitner and K. Freitag,
Zeits. f. Phys., 37, 481 (1926).

¥ C. G. Darwin, Pkil. Mag., 23, 901 (1912).

18 N. Bohr, Pkil. Mag., 30, 531 (1915); L. Flamm, Wiener Ber., 124, 597 (1915).
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The amount of variation or straggling depends upon the
process involved in the energy loss. Such calculations were
made for radium C’ in air involving all possible transfers and
indicated a spread of #0.09 cm in the range as shown. The
true range would therefore in this case not be the observed
maximum, 6.96 cm, but rather the corrected value 6.87 cms.

NO. OF PARTICLES

6.7 6.8 6.9 70

RANGE IN CMS.
F1c. 4.4. Showing the straggling of alpha particles at the end of their range.

Similarly the number of alpha particles arriving at any
detector per second will fluctuate with time. The total number
observedinanysecond may bemoreor less than the averagevalue
by an amount expressed as a fluctuation. To reduce errors due
to this fluctuation a large number of observations N are noted.
The result, together with the uncertainty, is expressible as
N £+/N. Thus if 10,000 particles are counted, the error due
to fluctuations is of the order of 19%,.

4.5. Range and Half-life. In 1911, Geiger and Nuttall 1¢
arrived at an interesting conclusion relating the half-life of an
alpha emitter and the energy or range of its alpha particles.

16 H. Geiger and J. M. Nuttall, P4il. Mag., 22, 613 (1911).
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The element under study was placed at the center of a hollow
glass sphere whose inner surface was silvered with a conducting
layer and connected to a high potential. The active substance
at the center was on a small disk which was connected to an
electrometer. The ionization current was observed as a
function of the gas pressure. The ionization was found to
increase as the pressure increased up to a certain critical value
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Fic. 4.5. The Geiger-Nuttall curves for the radioactive families.

at which the alpha radiation no longer reached the surface.
At higher pressures the ionization current remains constant.

It was found that if the logarithm of the range in centimeters
was plotted versus the logarithm of the disintegration constant,
N in sec™! then for a particular family such as the uranium-
radium family the points lie on a straight line.

Similar linear relationships are found to represent the thorium
and the actinium radioactive series. The three curves at their
upper ends are nearly parallel as shown in Figure 4.5 and each
is represented by an equation of the form

logR=a+ blog\ (4.6)
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The constant 4 is the same value, namely 0.0174, for the
straight portion of each curve. The curves differ in the inter-
cepts @ on the y axis. Among the exceptions to the general
rule are actinium X and Ul

For samarium, the range in air of 1.16 cms has been ob-
served. This is the shortest range for any of the natural emit-
ters and corresponds to the half-life of 1.7 X 10" years or a
disintegration constant A of 1.29 X 107 sec™. The half-life
of any element emitting alpha particles of range less than a
centimeter would be so long that it would be regarded as stable.

4.6. Alpha Ray Spectra. W. H. Bragg very early found
from ionization measurements that there were four groups of
alpha particles emitted by a source of radium. It was not
until 1930 that precise measurements were made on these
alpha spectra. At that time Rosenblum 7 examined a number
of radioactive elements by means of a magnetic spectrometer
with semicircular focusing. Several emitters were each found
to send out only a single monoenergetic group of alpha particles.
Another list of elements had spectra consisting of two or three
distinct energies. A few elements, such as radium C’, thorium
C, and radioactinium, each emit several discrete energy groups.
The resolved spectra obtained with a source of radium are
shown in Figure 4.2D and those from a source of Th C are
shown in Figure 4.2E. The most energetic ray lies on the right
in each case and is the least deflected. The intensities for the
four lines from Th C left to right are about as 1.1:1.8:70:27,
and the energies vary from 5.6 to 6.0 Mev.

The accuracy of these measurements has been somewhat
improved in recent investigations.’®:* A summary of the
known alpha ray spectra is given in Table 4.1, showing the
source, the range in air, the energy in Mev and the half-life of
each. These alpha energies, when combined with the gamma

17 S, Rosenblum, jour de Phys., 1, 438 (1930).

18 M. Holloway and M. S. Livir ston, Phys. Rev., 54,18 (1938); W. V. Chang and
S. Rosenblum, Pkys. Rev., 67, 225 (1945).

W, V. Chang, Phys. Rev 67, 267 (1945).
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TABLE 4.1. ALPHA RAY SPECTRA

Source ’R:Zgr; ﬁ”z[g; Half-Life
UraniumI....... ...... 2.653 4.20 45X 10°Y
Uranium IL... . . ......| 3.211 4.75 27 X 100Y
Ionium........... . . 3.12 4.66 8.3 X 10¢Y
Radium................ 3.29 4.791 1550Y

3.11 4.620
Radon .......... .. . 4.051 5.4860 3.82D
Radium A.... ...... .. 4.657 5.9981 3.05 M
Radium C.......... .. 4.06 5.502 19.7 M
3.99 5.010
Radium C’'............ 11.580 10.5379 1.5 X 10748
11.510 10.5052
9.724 9.4877
9.040 9.0655
7.792 8.2769
6.907 7.6802
Radium F 3.842 5.2984 140D
(Polonium) see Table 4.2
Thorium 2.83 4.330 14 X 10°Y
Radio Th 3.970 5.418 1.9Y
3.880 5.335
Thorium X ........ 4.290 5.6825 3.64 D
Thoron.... ......... ... 5.004 6.2818 545§
Thorium A .. ....... 5.638 6.7744 0.14 §
Thorium C ............ 4.730 6.0537 60.5 M
Thorium C’...... 11.578 10.5360 1079 S
9.740 9.508
8.568 8.7759
Actinium U ........... 3.211 4.52 7X108Y
Protactinium. ...... ... 3.60 5.049 32X 10*Y
RadiocAc..... ..... .... 4.72 6.051 189D
to to
(11 lines)........... 4.27 5.674
Actinium X........... 4.32 5.719 11.2D
Actinon................. 5.692 6.8235 3928
5.240 6.470
Actinium A............. 6.457 7.380 2X107%¢8
Actinium C.............. 5.429 6.618 216 M
4.984 6.272
Actinium C’ . 6.555 7.434 5% 10738

105
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ray energies associated with the same element, are sometimes
sufficient to construct an energy-level diagram for the nucleus.
On greater resolution it will undoubtedly be found that the
alpha spectra are much more complicated than had been
anticipated. For example, polonium had been regarded as
emitting a single group of alpha particles whose energy was
5.300 Mev. On using the Princeton cyclotron as a spectrom-
eter, Chang has shown that there are at least twelve lines
of lesser intensity present as shown in Table 4.2 and probably
several more at still lower energies.

TABLE 4.2. POLONIUM ALPHA RAYS

Mev Intensity Mev Intensity
5.303 ..... .| 100,000 || 4.449.... .. 12
5.113 ..., 25 [ 4.303 ...... 7
5.065....... 25 4.111 ..... 7
4.901........ 15 | 4.016. .. . 5
4.838...... 11 | 3.890...... 4
4.749 ... . 13 | 3.685....... 4
4.640 .. .... 10

4.7. Stopping Power. The density of air is 0.00129 gms. per
cm? and that of aluminum is 2.699. Thus it might be expected
that 57%5 cm of aluminum would be equivalent in stopping
power to 1 cm of air. Actually it takes a somewhat thicker
layer of aluminum, namely 155 cm, to be equivalent to 1
cm of air under standard conditions. Thus the stopping power
of aluminum is spoken of as 1700. The stopping power is
thus defined as the reciprocal of that thickness of substance
equivalent to 1 cm of air, in its ability to stop alpha radiation.
If the stopping power of an element be divided by the number
of atoms per cubic centimeter, the quotient is termed the
atomic stopping power of the substance.
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The stopping is done by electrons and if each electron
functions equally effectively, then it might be expected that
the atomic stopping power.S§ divided by the atomic number Z,
should be a constant. This could be termed the stopping
power per electron. Actually this is found to be not the case.
In the heavier elements a large share of the electrons are
tightly bound in inner orbits so that they play a lesser part in
ionization and the consequent slowing down of the alpha rays,
It was observed by Bragg * that for most elements the atomic
stopping power § varied directly as the square root of the

TABLE 4.3. THE ATOMIC STOPPING POWER OF THE ELEMENTS

Atomsc
Element VA A Stopping SA~% SZ2—%
Power (8)
H.......... 1 1.00 0.200 0.20 0.20
Li.......... 3 6.94 0.519 0.20 0.25
Be........ 4 9.02 0.750 0.25 0.29
Cooeevvninl. 6 12.01 0.814 0.25 0.25
N.o....... . 7 14.00 0.939 0.25 0.25
O......... 8 16.00 1.000 0.25 0.25
Mg....... 12 24.32 1.23 0.25 0.24
Al......... 13 26.97 1.27 0.24 0.23
Si......... 14 28.06 1.23 0.23 0.22
Cl........ 17 35.46 1.76 0.29 0.26
Fe.......... 26 55.85 1.96 0.26 0.23
Ni...... . 28 58.69 1.89 0.25 0.21
Cu..... .. 29 63.57 2.00 0.25 0.22
Zn.......... 30 65.38 2.05 0.25 0.22
Ag......... 47 107.88 2.74 0.26 0.21
Cd....... 48 112.41 2.75 0.26 0.21
Sn...... . 50 118.70 2.86 0.26 0.21
Pt....... . 78 195.23 3.64 0.26 0.20
Au........ 79 197.20 3.73 0.27 0.20
Pb.... . 82 207.21 3.86 0.27 0.20

W, H. Bragg and R. Kleeman, Phil. Mag., 10, 318 (1905).
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atomic weight (A4). Glasson? found that it equally well
could be regarded as varying as Z* where Z is the atomic
number of the element. These values of the atomic stopping
power for a few elements are shown in Table 4.3. The atomic
stopping power of oxygen is taken as unity. It is remarkable
that such simple relationships fit the data so well.

.4.8. Scattering of Alpha Particles. The alpha particles
were at first considered to travel in straight undeviated lines
through matter. More careful observation showed that a
portion of the original beam was in general deviated through
small angles depending upon the thickness of the layer of mate-
rial and its atomic number. The greater the atomic number of
the matter and the less the velocity of the alpha particle, the
greater is the average deviation. In these experiments a few
particles are occasionally found whose deflection may be as
much as 90° or more. Thus for Ra C’ about one particle in
every 8000 suffers such a large deflection in passing through a
very thin layer of gold.22 These particles have undoubtedly
come very close to an atomic nucleus so that an interaction
occurred in which they suffered a large change in momentum.

From X-ray studies of crystal structure the diameter of
atoms is established as being of the order of 3 X 10~% cms.
The diameter of the nucleus, possessing most of the mass, is
only a very small fraction of this. An estimate of the nuclear
dimensions could be made from a careful observation of these
scattered particles. It had initially been considered that these
large deflections must be due to multiple encounters since it
was currently thought that the electric field within the atom
could not be of sufficient intensity to deflect such a heavy body
as the alpha particle in a single encounter. Rutherford
showed that they must be due to a single encounter, as the
probability of one particle already largely deflected having a
second encounter of the same sort was very small. Rutherford

2 J, L. Glasson, Pkil. Mag., 43, 477 (1922).
(1;’13). Geiger and E. Matsden, Proc. Roy. Soc., 82, 495 (1909); Phil. Mag., 25, 604
% E. Rutherford, Phil. Mag., 21, 699 (1911).
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was first to postulate that the total positive charge of the atom
was concentrated in a small nuclear volume and that the
equal negative charge was distributed over the much larger
domain, occupied by the atom. For all deflections greater
than about a degree, only the central positive charge need be
considered and it was assumed to be concentrated in a minute
volume as a point. The force between the positive nucleus

F1c. 4.6. The scattering of an alpha particle by a nucleus.

and the positive alpha particle was considered to be a simple
coulomb repulsion. On considering the heavy nucleus with a
charge Ze to remain at rest during the collision, the path of the
a particle will be a hyperbola whose external focus is the
scattering nucleus as shown in Figure 4.6. The distance of
nearest approach & will be a minimum for an alpha particle
striking the nucleus directly, and in this case the alpha particle
will be scattered through an angle of 180°. By equating the
original kinetic energy of the alpha particle to the potential
energy, as the positive charge 2¢ approaches the nuclear charge
Ze, and is brought to a stop at the distance &,

1 o 2eZe 4Z¢2

=—— or b=

2 Mo Uy2

4.7)
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Rutherford showed that if Q is the total number of incident
particles falling normally on a thin scatterer of thickness ¢,
and if # is the number of atoms per cm? in the scatterer, then
the number of particles N arriving at a fixed receiver at a
distance » centimeters from the scatter along an angle ¢ to
the original direction would be given by the following equation:

_ Qutb® cosec* ¢/2
- 1672

This equation could be checked experimentally, term by term,
by allowing a single factor to vary at a time. Geiger and
Marsden 2¢ were the first to deal with this problem. Alpha
rays from a radon source were allowed to fall normally on a
scatterer consisting of an extremely thin foil of gold, placed
directly on the axis of a spectrometer. The value of N was
noted at scattering angles ¢ varying from 150° down to 15°,
by rotating an arm carrying a small zinc sulphide screen with

N

(4.8)

accompanying microscope. The quotient N was found
cosec ¢/2

to be essentially a constant. It varied only from about 28 to
38, being greater at the smaller angle. Similarly, at a fixed
angle it was noted that N varied inversely as the square of
the energy of the incident alpha particles, as would be expected
from equation 4.8 since 4% is in the numerator, and 4 varies
inversely with the energy as shown by equation 4.7.

The magnitude of the nuclear charge Ze as well as the numer-
ical value of # were determined from scattering experiments.
It appears that Van den Broek # was the first to suggest that
the positive nuclear charge might be equal to the atomic
number Z times the electronic charge ¢. Many investigations
by Rutherford and co-workers led to a conclusion regarding
the order of magnitude of nuclear radii. For gold, silver, and
copper it appeared 2 that the distances of closest approach of

% H, Geiger and E. Marsden, PAil. Mag., 25, 604 (1913).
# A. van den Broek, Phys. Zeits., 14, 32 (1913).
2 J. Chadwick, Phil. Mag., 40, 734 (1920).



TRANSMUTATION BY ALPHA PARTICLES 111

fast alpha particles were less than 3.2, 2.0, and 1.2 X 10712 ¢m,
respectively.

More recent evidence * indicates that the radii are consider-
ably smaller than first expressed and that the radii of various
nuclei should vary as the cube root of the number of constituent
particles as given by the atomic weight. This would be ex-
pected if the volume required for each neutron and proton
within the nucleus is about the same. A relationship for the
heavy radioactive nuclei, expressing the disintegration constant
or half-life in terms of the energy of the alpha particle and the
effective radius of the nucleus, has been proposed.

4.9. Transmutation by Alpha Particles. If the alpha parti-
cle should penetrate into the nucleus, then the coulomb law
of repulsion would no longer completely regulate its behavior.
New forces of an attractive nature would now appear. Scat-
tering experiments indicated for the very heavy elements, a
radius of the order of .7 X 1072 cm. To bring an alpha
particle to that position would from the coulomb repulsion
require an energy # of

2
W= 2Z¢

= 7 X 0.411 Mev 4.9

Thus for uranium whose Z is 92, an energy or 37.5 Mev would
be expected. An alpha particle should thus be prevented from
entering the nucleus by this exceedingly high barrier. On
surmounting the barrier the particle would fall forward by
virtue of the attractive forces. Such a distribution of the poten-
tial is shown in Figure 4.7. It should be equally hard for an
alpha particle to leave the nucleus.

It was actually found possible to induce nuclear transmuta-
tion by the alpha rays from Radium C whose energy is only
5.5 Mev, similarly alpha particles emitted by many radioactive
bodies have energies of only a few million electron volts.

2 E. Rutherford and J. Chadwick, Pkil. Mag., 50, 889 (1925).
28 G. Gamow and S. Rosenblum, Comptes Rendus, 197, 1620 (1933).
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This incompatibility was reconciled by the wave mechanical
treatment of the process. Wave mechanics concedes  a finite
probability for a particle with an energy less than that of the
peak of the barrier being able to penetrate it. The greater the
energy of the alpha particle and the lower the height of the bar-
rier the greater is the probability of its passage. There is thus
a close relationship between the energy of the emitted alpha

particles and the half-life of the source.

e

INCIDENT
PARTICLE

Wo

DISTANCE FROM NUCLEUS f----- i

Fic. 4.7. The potential barrier of a nucleus.

As soon as devices for accelerating particles to high potentials
were developed they were utilized to produce controlled alpha
rays. Thus a cyclotron that will produce deuterons whose
energy is 10 million electron volts 1s almost exactly in condition
to produce alpha particles of 20 Mev.” With sources of this
kind most of the elements of the pe periodic table have been
bombarded and the disintegration products observed. The
addition of the energetic alpha particle to the nucleus makes
an unstable or excited condition. The return to a stable

#® G. Gamow, Zeits. f. Phys., 51, 204 (1928); R. Gurney and E. Condon, Nature, 122
439 (1928).
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nucleus may take place by any one of several competitive
processes each with quite a different probability of occurrence.

Thus the excited nucleus may emit a gamma ray, a _neutron,
a proton o, if sufficient energy is available, any ¢ combmatlon
of f the particles. In most cases the yield of disintegrating atoms
increases with the energy of the incident partlcle but this is
by no means always true. One of the early reactions studied %
was the bombardment of aluminum with alpha particles vary-
1ng in energy up to 10.5 Mev. The range aﬁgﬁumber Qme
emitted protons were observed. The protons were found to
have several definite ranges for any given energy of the exciting
alpha particle, in all about €i ight groups being observed. As the
energy of the alpha particles is increased the yield of protons
shows distinct maxima at certam definite values of the energy.
These particular alpha energles at which the number of protons
was represented by peaks in the yield curve, were interpreted
as being resonance channels through the nuclear barrier. For
aluminum at least six such resonance energies were found,
namely at 4.0, 4.49, 4.86, 5.25, 5.75, and 6.61 Mev. The width
of some of the levels was also determined and found to be
about 200 Kev.

This reaction could be represented as ;3A1%(a, 9);4Si%®, or
it could be shown by the equation

13A127 + 2He4 - 14Si3° + 1H1 + Q

where () is the disintegration energy representing any inequality
in the sums of the atomic masses on the two sides. From
experiments of Chadwick and Constable, O was found to be
2.07 Mey. Using the latest values of the masses given by
Aston,® an unbalance of 0.00413 mass units is noted which
would correspond to 3.83 Mev. It is quite probable that the
more precise knowledge of the relative atomic masses can be
deduced from the energies of the disintegration particles.

% W. E. Duncanson and H. Miller, Proc. Roy. Soc., 146, 366, 396 (1934).
“{_‘: Chadwick and J. E. Constable, Proc. Roy. Soc., 135, 48 (1932).
2 F, W. Aston, Isotopes, Arnold, London (1924), (1942).
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Another very common transmutation effected by the alpha
particle is one in Ehmh..z_nau::ou_leaxes_thmcned nucleus.
The resulting nucleus thus has an atomic number ‘greater by
two than the original atom and heavier by three mass units.
One of the most widely used reactions of this sort is a mixture
of radon and beryllium used as a source of neutrons. The
reaction can be abbreviated as Be(a, #)¢C'? or it can be
represented by the equation

-
4Be? + ;Het — (C2 4+ on! + Q

The disintegration energy Q is found to be necessary to
account for a deficiency in mass on the right side of 0.006009
mass units, representing an energy of about 5.58 Mev. It has
been found that a mixture of one millicurie of radon with
sufficient beryllium 3 to absorb all the alpha radiation will
emit about 6700 neutrons per second. Since the radon emits
37.1 million alpha particles in the same time, it would seem
that at least one in every 5000 alpha particles is able to get into
the beryllium nucleus and send out a neutron. This is a rather
high probability for a nuclear reaction.

QUESTIONS AND PROBLEMS

1. Alpha rays from thorium C’ (10.536 Mev) bombard nitrogen
nuclei and protons are observed in the forward direction. Express
their energy.

oHe* + 7N™ — g0O'7 + H'

Answer: 8.69 Mev.

2. Alpha particles from radon have an energy of 5.486 Mev. By

how much do the masses of radon and radium A differ?
Answer: 4.00973 mass units.

3. Lithium 7 is bombarded with protons whose energy is 1 Mev.
Two alpha particles are produced each having the same energy. What
is this energy and at what angles do the alpha particles emerge? Ifan
alpha particle is observed leaving at right angles to the proton beam,

8 F, Paneth, E. Gluckauf, and H. Loleit, Proc. Roy. Soc., 147, 412 (1936).
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what is its energy and the energy and direction of its companion alpha
particle?
Answer: 18.2 Mev, 85° 20’; 8.9 Mev, 9.2 Mev, 80° 30",

4. In an alpha ray spectrograph, the radiation from polonium is
to be bent into a circular path 30 cm in diameter. Express the uni-
form magnetic induction in gauss, that would be sufficient. What
would be the energy difference for two beams registering on a photo-
graphic plate as lines 1 cm apart, for semicircular focusing?

Answer: 22,200 gauss, 0.36 Mev.

5. If the cross section for the disintegration of nitrogen by the
alpha particles from thorium C’ is 1072% ¢cm?, how many disintegra-
tions are produced per second by one microcurie of thorium C’ sur-
rounded by nitrogen gas under standard conditions?

Answer: approx. 2.

6. If N alpha particles are scattered by a thin foil of silver to a cer-
tain receiver placed at an angle of 30° with the forward direction, how
many scattered particles would be expected by the same receiver in
the same time placed so as to allow a scattering angle of 60°? Also
for 90°?

Answer: 0072 N, 0.018 N.

7. Prove that an alpha particle will on elastically colliding with a

proton, give up at most 3§ of its energy.



CHAPTER 5
BETA RAYS

5.1. Historical. That portion of the radiation from a radio-
active source that was strongly deflected! by a perpendicular
magnetic field was termed beta radiation. It was noted that
the particles were negative in sign. They were soon identified
as electrons emitted from the nuclei of the atoms of the source,
some with a_ very high velocity. They were shown ? to be in
many ways very like the stream of cathode rays in a discharge
tube. The energies of the beta particles however may be much
greater than those of the usually observed cathode rays. En-
ergies equivalent to those possessed by electrons falling through
a potential of several million volts are not uncommon. For
such electrons the relativity mass » is the rest mass m, mul-
tiplied by the factor (1 — B%) % where B is the ratio of the
electron velocity v to the velocity of light ¢, namely 3 X 10
cms per second. Velocities of these high energy particles may
approach very closely that of light.

The electronic charge associated with the beta particles given
off by a radioactive body may be observed by placing the emit-
ter on the well-insulated plate of an electrometer and noting
the positive charge acquired in a definite interval of time.
The beta particles on leaving the nuclei of the emitting atoms,
in effect, increase the nuclear positive charge. This is equiv-
alent to increasing the atomic numbeF of the element.

5.2. Absorption and Range of Beta Particles. Beta rays are
generally far more penetrating than alpha particles. While
the most energetic alpha particles may be completely absorbed

1H. Becquerel, Comptes Rendus, 130, 206 (1900).
2 S, Mayer and E. von Schweid.fer, Phys. Zeits., 1, 90 (1899).
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in a few centimeters of air, beta particles may describe paths
in air several hundred centimeters in length, or they may trav-
erse layers of aluminum a few millimeters thick. On passin
through successive layers of absorber the total num@@
particles in_the beam as well as the energy of each particle de-
crease progressively.

Early investigation of beta spectra by magnetic spectrome-
ters led to a false conclusion ® regarding their nature. Par-
ticles were observed with energies varying continuously from
zero up to some definite maximum value. Superimposed upon
the continuous distribution were several groups of particles,
each group having a definite discrete energy. These mono-
energetic groups were later found to be electrons coming not
from the nuclei but rather from the electronic orbits of the
atoms. They arise from the internal conversion of gamma ra-
diation that is emitted from the radioactive nuclei along with
the beta radiation.

Even if the beta rays were originally all of the same energy,
their ranges through matter would have a considerable spread
in values. This follows from the fact that the electrons are
so easily scattered by the atoms through which they pass.

The loss in energy of a beta particle on passing through mat-
ter is due to its production of ion pairs along its path, The
number of lon pairs produced per centimeter of path increases
as the velocity of the beta particle decreases. This varies from
about 23 pairs per centimeter at 2 million electron volts to
about 200 per centimeter at 40 KV. The ionization potential
for oxygen and nitrogen is only about 14 volts. Actually the
average energy loss per pair of primary ions formed is about
35 electron volts. This additional energy may result in sec-
ondary ionization so that the total number of ions per centi-
meter may be several times that of the number of primary ions.
Same of the energy may be used for other purposes such as

a ; g) von Baeyer, O. Hahn, and L. Meitner, Phys. Zeits., 12, 273 (1911); 13, 264
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the excitation of molecules or atoms, that is, the lifting of elec-
trons to unstable levels without actually removing them or
producing lons.

~ Each beta particle in its transit through a collection of atoms,
in addition to losing energy to the electrons, may suffer a
change in direction due more to its interaction with nuclei
than with electrons. The average angle of deflection of the
beta particles on traversing thin layers of material is found ¢
to be proportional to the square root of the thickness #. For
elements of various atomic number the scattering at a particu-
lar angle is Tound ® to be proportional to the square of the
atomic number Z.

At high energies the range of beta particles in matter varies
almost [inearly with the energy. At Tow energies the range 1s
more nearly proportional to the square of the energy. This
relationship is shown graphically in Figure 5.1, in which the
range in aluminum is expressed in terms of the number of
grams per cm? for complete absorption and the energy in mil-
lion electron volts. In Table 5.1 a few values are given in

TABLE 5.1
Energy
(Kev). . |255 10.5 24.7 46 6 791 1278 1204.7| 341 | 662 1127 12058 | 3114
8 =u9/c. 01 02 03 04 05 06 07 08 09 095 {098 (099
Grams/cm? | 0.00005 | 0.00027 | 0.0012 | 0 0041 | 00087 [ 00215] 0045|0100 |0260{ 0 5251103 | 157
R (cm)... 004 023 10 34 73 179 375 |83 217 437 860 | 1300

successive horizontal columns for the energy of the beta par-
ticles in thousand electron volts, the ratio of the velocity of
the electron to the velocity of light, the range in aluminum ex-
pressed in grams per cm?, and the range in centimeters of air.
The relationship between velocity and energy for electrons is
shown graphically in Figure 5.2, for energies up to 4 Mev.
A more extensive range is presented in Table A III.

¢ J. A. Crowther, Proc. Roy. Soc. A, 84, 226 (1910).
& J. A. Crowther and B. F. Schonland, Proc. Roy. Soc. A, 100, 526 (1922).
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5.3. The Feather Rule for Beta Energies. Feather observed
that the maximum range of beta particles in aluminum could
be used empirically to evaluate the energy of the particles.®
Experimentally, the Intensity of the radiation is noted as the
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F1o. 5.3. The intensity of beta rays from indium 116 on passage through aluminum.

thickness of an interposed aluminum absorber is progressively
increased. These data may then be represented as in Figure
5.3, where the ordinate is the intensity plotted on a logarithmic
scale. It is noted that for the radiation under consideration
thicknesses of aluminum greater than 0.36 grams per cm? pro-
duce almost no diminution in intensity. At this point only

8 N. Feather, Proc. Camb. Phil. Soc., 34, 599 (1938).




THE BETA SPECTRUM 121

gamma radiation is transmitted. It is thus possible to deter-
T v

mine with a fair degree of accuracy the amount of Fbsorber

needed to just completely absorb the beta radiation. The re-

lationship deduced by Feather is

R (Cgm—’l‘;> = .543E (Mev) — 0.16 (5.1)

or

E (Mev) = ;:IE + 0.294 (5.2)

For the data shown, which represent the beta radiation from
the indium isotope of mass 116, complete absorption seems to
be produced by about 0.36 grams per cm2, This value, when
inserted in equation 5.2, indicates an energy of 0.960 Mev. It
is interesting to note that for this same energy the magnetic
beta spectrometer as shown in Figure 2.12 indicates a value
of 0.86 Mev. Thus in noting the maximum range, attention
must be given to the resolution of the observed curve. In the
figure shown, it is reasonable by analysis to choose a range of
0.31 gms. per cm®.  This results in a value of energy in com-
plete agreement with the magnetic spectrometer.

5.4. The Beta Spectrum. The distribution of energy charac-
teristic of the particles comprising the beta radiation from a
radioactive source may be studied by a Wilson cloud chamber.
The expansion chamber is provided with a thin window for the
particles to enter, and a strong perpendicular magnetic field to
produce a curvature in their paths. Such beta ray tracks are
shown in Figure 5.4. A measurement of the radius p of each
circular trace together with the known magnetic induction B
allows an evaluation of the energies of the individual beta par-
ticles. By counting a sufficiently large number of tracks, the
fluctuations are averaged and a histogram as shown in Figure
5.5 is obtained. The ordinates represent the number of ob-
served particles in successive equal intervals of Bp. A smooth
curve may be drawn so as to average any irregularities. The
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Fic. 5.4. Cloud chamber tracks of electrons moving in a magnetic field directed into
the page.
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Fia. 5.5. Distribution of momentum among a large number of beta particles.
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general form of such contours is that of a probability curve ex-
tending from a low value at zero momentum up through a most
probable range to a definite limiting maximum value of the
energy.

The observed distribution is quite likely to be an incorrect
representation of the true number of particles at each energy.
Because of their loss in energy and scattering in the gas there
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Fig. 5.6. The beta spectrum of indium 114 and its behavior according to the Fermi

theory.

will appear to be relatively too many particles of low energy.
By using hydrogen gas in the chamber this error can be greatly
reduced.

More exact distribution curves may be obtained by the use
of beta ray spectrometers. These are of various types (as
previously described), and in them the beta particles may go
from the source to the receiver with little or no scattering
agent intervening. The type of distribution curve and the
high precision attainable at the maximum energy cutoff is il-
lustrated in Figure 5.64. These data were obtained with a
semicircular magnetic focusing spectrometer, using as a source
the isotope of indium of mass 114.7

5.5. The Neutrino. If it be assumed that only discrete en-
ergy states can characterize the nucleus, then this observed

7J. L. Lawson and J. M. Cork, Pkys. Revo., 57, 932 (1940).
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continuous distribution of beta energies is difficult to explain.
Two possibilities might allow a continuous distribution. One
of these involves the abandonment of the notion of the con-
servation of energy in processes occurring within the nucleus.
This suggestion was proposed,® perhaps not seriously, by Bohr,
Kramers, and Slater.

Another possibility would be that in the transition from one

definite energy state to another only a portion of the fixed en-
ergy difference is carried off by the beta particle. The re-
maining part of the energy is carried away by some other non-
detectable type of radiation. To satisfy this need a new ele-
mentary particle was postulated. This particle was called the
“neutrino” and is visualized as being a neutral particle whose
mass is perhaps less than that of the electron. Because of the
absence of charge it can pass through matter with little or no
absorption and cannot be detected directly.
A rather crucial calorimetric experiment justifying this con-
clusion was carried out by Ellis and Wooster.? Radium E
emits electrons with a maximum energy of 1050 Kev and with
an average energy of about 390 Kev. In the thermal measure-
ment of the energy released, an average value of 350 Kev was
observed. It was accordingly concluded that the remainder of
the energy was not released in any form ultimately converted
into heat within the heavily shielded calorimeter and hence
must have been carried off as an undetectable radiation. More
direct experiments to establish with certainty the existence of
the neutrino have been carried out by Crane and Halpern, and
by Allen, and have been described on page 17. In general
they are not completely conclusive.

5.6. The Positron. In 1932, in cosmic ray studies, C. D.
Anderson 1 observed, in a vertical Wilson chamber, tracks
with a curvature indicating that the particles carried a positive
charge. Although they were at first announced as protons,
subsequent studies showed these particles to be both as to mass

8N. Bohr, H. A, Kramers, and J. C. Slater, Zeits. Phys., 24, 69 (1924).
9 C. D. Ellis and W. A, Wooster, Proc. Roy. Soc. 4, 117, 109 (1927).
10 C, D. Anderson, Phys. Rev., 41, 405 (1932); 43, 491 (1933).
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and as to size identical with electrons except opposite in sign.
They were called “positrons.”

Tt was almost immediately found that many of the induced
radioactivities, on decaying to normal atoms, emitted posi-
trons. This is particularly true of those radioactive isotopes
that are less in mass than the stable isotopes of the same ele-
ment such as O'5, N3 C!!] etc.

The form of the distribution curve for the positrons is very
much Tike that observed for negative particles. Certain iso-
topes such as Cu® emit simultaneously both negative and posi-
tive particles with a single halflife. The upper limit of the
m 0.66 Mev compared with
0.58 Mev for the negatives. The difference may be due to the
action of the positive nucleus on the departing particles, being
an attraction for the negatron and a repulsion for the positron.

The stopping power of matter for positrons has been found
to be quite similar to that displayed for negative elec-
trons.!

5.7. The Specific Charge of the Electron and the Positron.
The ratio of the charge ¢ to the mass m, for beta particles from
radium was first determined by Becquerel in 1900, establish-
ing the fact that these particles were the same as cathode rays
or electrons.’? He obtained a value 1 X 107 electromagnetic
units per gram. One year later, W. Kaufmann ** in a more
accurate determination found in the same units a value of
1.77 X 107. Since that time, a great number of investigations
dealing with this quantity have been carried out. The careful
investigation by Bucherer 4 was considered to yield the best
value until recently, namely 1.763 X 107 EMU per gm. The
value of ¢/m as observed, of course, gets smaller as the velocity
of the beta particle increases, since the mass also increases.
The magnitude of this change in'mass is shown in Table A IIT,
column 4.

u B, R. Curtis, Phys. Rev., 53, 986 (1938).

12 H, Becquerel, Comptes Rendus, 130, 809 (1900).
BwW. Kaufmann, Phys. Zeits., 2, 602 (1901)

" A, H. Bucherer, Ann. d. Phy: 37.3, 592 (1912).
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With the discovery of the positron, it became of interest to
see if its specific charge was exactly that of the negative elec-
tron. This subject could be advantageously studied by using
as a source radioactive gopper of mass 64, since it emits both
positives and negatives simultaneously. It was shown ¥ that
&/m, 1s the same for both types of particles, within an accuracy
of better than 29,.

The value of the specific electronic charge as edited by Birge 16
is (1.7592 =+ 0.005) X 107 EMU per gm.

5.8. The Fermi Theory of Beta Decay. In 1934, Fermi
proposed a theory of beta decay.” He assumed that the nega-
tive beta particle was emitted by a transition within the nucleus
in which a neutron was converted into a proton. Along with
the electron, a neutrino escaped from the nucleus. The total
energy of the pair from a definite emitter is a constant. A
study of the energy distribution of the beta particles reveals
the manner in which the energy is shared between the neutrino
and the electron. To explain the observed distribution it be-
came necessary to make an assumption regarding the inter-
action between the electron-neutrino field and that of the heavy
particle.

The form of the derived expression for the probability P of
the ejection, in unit time, of a beta partlcle whose energy lies
between /7 and W + dIV, expressed in units of mc?, was given
as

PdWw = KF(Z, W)plW(W,. — W)2dlV (5.3)

where p is the momentum of the electron in units of mc and is
equal to (/#2 — 1), Fermi showed that the function F(Z, /7)
could be explicitly evaluated. Kurie * rearranged the equa-
tion so that it could be readily subjected to test by the observed
data. In this form the number of particles in each successive,

1 C. T. Zahn and A. H. Spees, Phys. Res., 53, 357 (1938); A. I1. Spees and C. Zahn,
Phys. Rev. 58, 861 (1940).

1 R. T. Birge, Rev. Mod. Phys., 13, 233 (1941).

7 E. Fermi, Zeits. f. Phys., 88, 161 (1934)

1B F. Kurie, J. Rlchardson, and H. Paxton, Phys. Rev., 49, 368 (1936).
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equal interval of momentum was denoted as NV and the reduced
equation became < %

7)) = A4 — BW +1) (5.9)
in which # and B are constants.

Thus on plotting the square root of % against (W + 1), a
straight line of negative slope should be obtained. The inter-
cept on the energy axis would be one mc? greater than the maxi-
mum beta transition energy #,,.

Early data were obtained by the counting of tracks within a
cloud chamber. With air in the chamber a large percentage of
the low energy tracks were multiply-scattered. More reliable
observations were made by using hydrogen in the chamber.
On making plots according to the Kurie arrangement of the
Fermi equation, a partial test could be made either of the
theory or of the data used. If the theory is correct, then good
data should give a straight line. Any deviation from a straight
line might then be interpreted as an insufficiency in the theory
or in the observed results. All early data treated in this way
failed to yield linear plots with the Fermi equation.

5.9. The Konopinski-Uhlenbeck Theory. The observed ap-
parent failure of the Fermi theory stimulated further theoreti-
cal consideration of beta decay. Following the same procedure
as Fermi, but by introducing and including higher-order deriv-
atives of the interaction between the heavy particle and the
electron-neutrino field, Konopinski and Uhlenbeck 1 were led
to several alternative expressions for the beta distribution.
Certain of these expressions could be excluded at once, from
energy considerations. The expression offering most promise
was, when rearranged to yield a Kurie plot, quite similar to
that for the Fermi equ:;.étion. The only difference was}i that
instead of the term (]FV) , there appeared the term @) .

B E. J. Konopinski and G. E. Uhlenbeck, Pys. Rev., 48, 107 (1935),
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The best data were put in proper form to test this relation-
ship and in most cases a straight-line plot resulted. It was
thus at first assumed that the Konopinski-Uhlenbeck theory
was correct. As the technique of taking data improved it be-
came apparent that the experimental data were not reliable.

At low energies, serious errors due to back scattering and
multiple scattering existed. The beta spectra of several emit-
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Fre. 5.7. The beta spectrum of copper 64, using a very thin source and a thick
source.

ters have been resurveyed, taking great care to reduce back
scattering and multiple scattering. It is now apparent that
when these data are checked by the Kurie plot, the Fermi
equation is more nearly satisfied than the Konopinski-Uhlen-
beck relationship. This is shown quite clearly in Figure 5.7,
which represents 2 the positron spectrum from a radioactive
copper isotope of mass 64 having a half-life of 12.8 hours. Two
sets of data were taken. In one experiment the thick source
consisted of a mass of copper of 50 mgms. per cm? while in a

2 A, W. Tyler, Phys. Rev., 46, 127 (1939).
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second run having an equally strong radioactivity, the mass of
the copper was only 2 mgms. per cm?. Each observed distri-
bution was plotted both according to the Fermi equation and
the K-U equation. It is apparent that except for low ener-
gies the Fermi curve seems most linear. This same result is
more strikingly observed in the beta spectrum of the indium
isotope of mass 114 reported # by Lawson and Cork. This

PHOSPHORUS32  ELEGTRONS

FERMI and KU PLOTS

ro2 0.4

el 0.2 4

F1c. 5.8. The electron distribution from phosphorus 32, plotted both according to the
Fermi and the Konopinski-Uhlenbeck theories.

electron distribution as observed in a magnetic spectrometer is
shown in Figure 5.6.4. The enlarged plot in the upper right
corner shows in more detail the upper limit of energy at 1.96
Mev. On the Kurie plot, following the Fermi equation, shown
in Figure 5.6B, the points lie very closely along a straight line
whose intercept on the energy axis is at 1.99 Mev.

The spectrum of the beta radiation from phosphorus 32 has
been widely studied. The distribution of momentum, as ob-
served by Lawson,? is plotted in Figure 5.8 both according to
the Fermi theory and the Konopinski-Uhlenbeck modification.
The fit with the Fermi theory seems definitely better.

2 J, L. Lawson and J. M. Cork, Phys. Rev., 56, 127 (1939).
2 J, L. Lawson, Phys. Rev., 55, 1136 (1939).
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5.10. Nuclear Spin and Magnetic Moment. One of the
fundamental postulates of the Bohr # theory of atomic struc-
ture was to assume the quantization of the momentum of the
electron in its orbit about the nucleus. The angular momen-
tum of the atom was expressed as integral multiples of 4/2r
where % is the well-known Planck constant. In 1925, Uhlen-
beck and Goudsmit # proposed that the electron itself has an
axis of symmetry about which rotation takes place. This
spinning electric charge would be equivalent to an electric
current in a circular conductor and would result in a magnetic
dipole of definite moment. In this way they could account for
the four quantum numbers found empirically necessary in the
classification of atomic energy levels. It was necessary that
the spin of the electron be considered to be one-half, in the
above-mentioned units. Similarly, the proton and neutron are
both believed to have spins of one-half.

It must therefore be expected that any nucleus made up of
these elementary particles should have a resultant magnetic
moment. Evidence for the existence of the nuclear magnetic
moment for hydrogen was first offered by O. Stern 2 and his
co-workers. A beam of hydrogen molecules was projected per-
pendicularly through a strong magnetic field having a steep
gradient at right angles to the beam. As a result, the beam is
separated into a number of components interpretable as due
to the magnetic sub-states, from which the magnetic moment
is evaluated.

An improved method for measuring magnetic moments using
an atomic beam has been developed by Rabi and his associates. 26
In this method it also is possible to say whether the magnetic
moment is positive or negative. The expression for the mag-

2 N. Bohr, Phil. Mag., 26, 1, 476, 857 (1913).

# G. E. Uhlenbeck and S. Goudsmit, Naturwiss, 13, 953 (1925); Nature, 117, 264
(125216.) Estermann and O. Stern, Zeits. f. Phys., 85, 17 (1933); O. Frisch and O. Stern,
Zeits. f. Phys., 85, 4 (1933).

% 1. Rabi, J. M. Kellogg, and J. Zacharias, Phys. Rev., 46, 157, 163 (1934); 49, 421
(1936); 56, 738 (1939).
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netic moment of the electron, u, is

e A
Mo = 55~ (5.5)

This magnetic moment is usually referred to as a “Bohr
magneton.” For a proton, the mass is larger by the factor
1833, so the magnetic moment might be expected to be smaller
by the same factor. This quantity may be designated p,, and
is called a “nuclear” magneton. It has the value 5.02 X 10~2
gauss cm®.  The value of the magnetic moment u actually ob-
served for the proton is found to be +2.7896u,. This larger
value has been theoretically explained. The magnetic mo-
ment of the deuteron has been found to be 40.855 nuclear
magnetons. It thus follows that for the neutron the magnetic
moment is —1.934 nuclear magnetons; that is, the neutron
behaves as if a predominantly negative charge is spinning.
More recently an interesting method of determining nuclear
magnetic moments utilizing radio techniques has been pro-
posed.?

The resultant angular momentum of a nucleus can be deter-
mined 2 from an analysis of the hyperfine structure character-
istic of its spectrum. The spins of nuclei of odd atomic weight
are in general odd multiples of }4/2m, while isotopes of even
atomic weight have either zero spin or small integral multiples
of 4/2w. The resultant spin is the vector sum of the orbital
angular momenta and the spins of the individual nuclear par-
ticles. The orbital angular momenta are integer multiples of
h/2w. The appearance of half-integer values for the spin of
the resultant atom was thus considered as evidence that the
spins of the individual nuclear particles, that is, both neutrons
and protons, are each one-half 2/2x. The spin of the neutrino
and the meson may also each be one-half, although this cannot
be assumed with certainty.

2 K, Bloch, W. Hansen, and M. Packard, PAys. Rev., 69, 127 (1946).
8 B, Wick, dcad. Lencei Atts, 21, 170 (1935).
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5.11. The Sargent Rule. It was observed by Sargent # in
1933 that for many of the naturally radioactive elements a
simple relationship existed between the maximum energy of the
beta radiation and the decay constant or half-life T}, of the
activity. On plotting the logarithm of the disintegration con
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F1G. 5.9. The Sargent relationship for a few of the natural beta emitters.

stant \ versus the logarithm of the maximum beta energy, a
straight line of slope 5 was found. Thus an equation of the
form

T%Ws =< (5.6)

seemed valid for the relationship where ¢ is a constant. Sev-
eral activities seemed to lie off the line in the graph and in fact
another group could be formed represented by another equa-
tion with a constant ¢’ different from ¢ by a large factor. This
is shown in Figure 5.9.

» B. W. Sargent, Proc. Roy. Soc., 139, 659 (1933).
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Of the many induced radioactivities now known to exist, sev-
eral such groups may be formed. Those emitters for which the
constant ¢ is a minimum are said to undergo “allowed” transi-
tions. The next group of emitters for which ¢ is about 100
times as large, decay by “first forbidden” transitions, the fol-
lowing group with correspondingly larger ¢ by “second for-
bidden” transitions, and so on.

In optical spectra it was found desirable to formulate a set
of selection rules under which the possibility of a certain tran-
sition could be determined. In a similar way criteria can be
established so that the probability of a particular nuclear dis-
integration can be predicted. .

On the emission of a particle the nucleus changes from an in-
itial to a final state and the change in spin indicates the proba-
bility or half-life of such a transition. At the same time a
change may or may not occur in another attribute of the sys-
tem of particles called “parity.” This quantity is either even
or odd for a nucleus, depending upon its symmetry character-
istics. It may be regarded empirically as an additional quan-
tum number describing the energy level.

Those beta spectra falling on the first Sargent curve—that
is, a small value of c—are termed “allowed” spectra. For them
the change in spin number is small and it was for this type of
transition that the theories were developed. Unfortunately
these “allowed” spectra have either a very short half-life or a
very low energy and are thus not susceptible to precise measure-
ment. The spectra that have received the most experimental
attention such as that from Ra E(Bi 210) whose half-life is
5.0 days with a maximum energy 1.17 Mev and from phospho-
rus 32, whose half-life is 14.3 days and maximum energy 1.71
Mev, are forbidden spectra. Hence an exact agreement with
theory should not be expected.®

In certain special cases this difficulty does not exist. In the
indium isotope of mass 114, beta emission is triggered by and

% E. J. Konopinski and G. E. Uhlenbeck, Phys. Rev., 10, 308 (1941).
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TABLE 5.2. BETA SPECTRA-KONOPINSKI FUNCTION

Emiter T1,(Sec) | Wi(me? FTy;

C11 1230 2.86 | 3.46 X 103
F17 64 4,78 | 3.35
015 125 4.37 | 4.16

Mg 23 11.6 6.52 | 3.09
P29 46 8.16 | 3.80

S31 3.2 8.57 | 3.26
A35 1.9 9.57 | 3.45

Sc 41 .9 10.68 | 2.48

Y 88 7200 2.34 | 5.00

In 114 72 3.96 | 3.50

Mg 27 612 4.52 | 4.0 X 10*
P30 153 6.87 | 5.0

K 38 462 5.5 | 4.0

Ti 45 11X 10t 3.35 | 5.5

Y 47 1980 472 169

Co 60 640 3.9 | 3.6

Tn 110 3900 32 40

Ag 106 1470 5.0 16

RaB 214 1608 120 |40

1i8 .88 24.5 2.8 X 10°
Cl 34 1980 5.9 28

Sc 48 1.6 X 10° 2.2 |28
T1204 253 41 2.0

AcC’ 207 291 3.73 | 1.3

ThC’ 186 4.51 | 2.8

ThB 212 38x 10 17 1.5

UX, 234 o8 55 2.7

Ca 49 9000 553 2.1 X 108
Fe 59 8 X 108 19 4.2

Rb 89 900 8.5 3.8

Pd 107 4.7 X 104 3.0 1.2

Sb 122 2.5 X 10° 2.6 3.2

Os 193 39X 108 169 |39

An 196 40X 10° 17 20
P1239 2.0 X 10° 1.9 4.0
Na22 1X 108 2.08 | 2.0X 107
P32 1.2 K 108 4.37 | 8.6

Cl38 3330 10.38 | 2.1
Mo99 ...... 2.4 X 10° 39 4.0
Wi185 ... . 6.7 X 108 19 4.0

ThC 212 3630 54 1.3

RaC 214 1180 7.1 1.7
MsTh 1228 2.1 108 11 10
MsTh IT 228 2.2 X 104 41 2.5

RaE 210 4.3 X 10° 3.3 9.8
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follows the radiation of a long-lived gamma ray. The half-life
of the gamma radiation is 50 days which is followed by a beta
emission of half-life only 72 seconds and energy 1.98 Mev.
This is thus an “allowed” beta ray of high energy yet because
of its origin it is observable as if it had a very long half-life.

THE SARGENT RULE
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F1c. 5.10. Konopinski function to show the degree of “forbiddenness” of beta spectra.

The spectrum of this radiation is shown in Figure 5.6.4 and the
Kurie plot based upon the Fermi equation in Figure 5.6B. It
is apparent that except for the lowest energies where measure-
ments are less exact, the agreement is excellent.

To show the degree of “forbiddenness” of a beta ray, Kono-
pinski has developed # a function F(Z, /F",,) which, while much
more complicated, is like the Sargent term in that when mul-
tiplied by the half-life T\, it gives a constant for any similar
group of beta emitters. In Table 5.2 are listed several rep-

M E. J. Konopinski, Rev. Mod. Phys., 15, 209 (1943).
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resentative beta emitters, among the great many known to ex-
ist. Column 2 shows their half-lives in seconds and in column
4 are the products of the Konopinski functions F and the half-
lives Ty,. These data are shown graphically in Figure 5.10,
being spread out along the abscissa according to atomic weight.
It is apparent that regardless of atomic weight several fairly
well-defined groups appear as shown by the horizontal lines,
each representing a different order of “forbiddenness” for the
transition.

5.12. “K” Electron Capture. From theoretical considera-
tions, it was suggested by Yukawa 32 that any long-lived posi-
tron-emitting nucleus might also decay by capturing one of its
own orbital “K” electrons. The branching ratio for the two
modes of disintegration was shown # to depend upon the en-
ergy available, the density of electrons and the spin change as-
sociated with the positron emission. The probability of cap-
ture should increase with the half-life or with the magnitude of
the spin change associated with the transition.

A successful search for this phenomenon was made by Al-
varez in 1938.% On bombarding titanium with deuterons a
radioactivity was produced which was identified as due to an
isotope of vanadium of mass 49. The half-life was 600 days.
The only possibility of recognizing the reaction was to study
the X-rays emitted by the atom. If a vanadium (Z = 23)
nucleus captures a K electron, the nucleus becomes titanium
(Z = 22) and the X-rays emitted as the “K” shell is refilled
will be the characteristic X-rays of titanium. These were
positively identified by their characteristic absorption. Many
other cases of “K” electron capture have now been discovered.

5.13. Transmutation by Electrons. Several early at-
tempts ¥ to induce radioactivity in elements by bombardment

2 H. Yukawa and S. Sakata, Proc. Phys. Math. Soc. Japan, 18, 128 (1936).
84"(?9.3%hlenbeck and H. Kuiper, Physica, 4, 601 (1937); C. Moller, Phys. Rev., 51,

L. Alvarez, Phys. Rev., 53, 213 (1938); 54, 486 (1938).

"[I. Livingood and A. Snell, P#ys. Rev., 48, 851 (1935); G. P. Thomson and J. Saxton,
Phil. Mag., 23, 241 (1937).
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with electrons having energies up to a million electron volts were
unsuccessful. On considering the problem theoretically Guth
concluded that success might be expected if the energy of the
incident electrons exceeded in value the threshold for photo-
electric disintegration. Since beryllium had been shown # to
have a photoelectric threshold of 1.6 Mev it became possxble
to test the theory with the 1.8 Mev output of the Van de Graaf
‘generator at Notre Dame University. The reaction antici-
pated # would be representable by the symbol ¢Be®(e, 7);Li®

or by the equation

4B69 + _160 s 3Lis + 071’ - 4B68 + on' + ..16’0 (5.7)

In carrying out the experiment, neutron emission was de-
tected by noting the activation induced in foils of silver, rho-
dium, or indium placed near the target. For incident energies
greater than 1.63 Mev, positive evidence of neutron production
was observed. It was further shown by using different thick-
nesses of beryllium that the disintegration was not due to
gamma or X-rays arising from the decelerated electrons. The
cross section at 1.73 Mev for the reaction was found to be only
of the order of 1073 cm?2. Lithium 8 has a half-life of 0.88 sec._
and there is some question regarding the stability of beryllium
8 so that no delayed radioactivity was observed.

Since this first successful disintegration experiment it has
been found possible to excite many radioactivities in heavy
elements by electrons. The activities which can be produced
in this manner are those associated with the excited state of a
normally stable atom. Such metastable states, representing
energy levels up to 1.5 Mev or more, exist in indium, lead,
strontium, and silver and perhaps many other elements.

% K. Guth, Phys. Rev., 55, 412 (1939).
a7, Chadwick and M. Goldhaber, Proc. Roy. Soc., 151, 479 (1935).
% G. B. Collins, B. Waldman, and W. Guth, P}:ys Rev, , 56, 876 (1939).
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QUESTIONS AND PROBLEMS

1. Show that the radius of curvature p, of an electron whose energy
is W Mev, moving at right angles to a field of B gauss is

= lgf VW 4+ 1.02) cms
38

2. What thicknesses of aluminum will effectively absorb the beta
rays from (&) phosphorus 32, and (4) lithium 8, making use of the
Feather rule?

Answer: 0.28 cm, 2.3 cm.

3. In a cloud chamber, a high energy electron describes a track of
radius 30 cm in a magnetic field of 9000 gauss. Express its momen-
tum in gauss cm and its energy in Mev.

Answer: 270,000 gauss cm, 80.5 Mev.

4. A beta spectrometer as shown in Figure 2.14 with a solenoidal
winding of 10 turns per cm, carrying a current of 20 amps., brings
particles back to the axis 60 cms from their source on the axis. The
circular slit through the baffle at the center has a diameter of 20 cm.
Express the momentum in gauss-cm and the energy of the particles
focused at this current. On changing the current to 10 amperes or to
40 amperes, show what happens.

Answer: 2723 gauss-cm, 0.45 Mev.

5. An electron of energy 1 Mev is elastically scattered through an
angle of 120° by a carbon nucleus at rest at the surface (see Figure
5.4.4). What energy and what momentum transfers take place?

Answer: Carbon nucleus recoils at approximately 30° with 269 ev.



CHAPTER 6
GAMMA RADIATION

6.1. Discovery and Nature of Gamma Radiation. By allow-
ing the collimated radiation from a sample of radium to pass
through a perpendicular magnetic field, a certain portion of
the radiation appeared to be undeflected. This undeflected
beam was originally all called alpha radiation. In 1900,
P. Villard ! allowed this radiation to pass obliquely through a
stack of photographic plates. Although much of the radiation
was absorbed by the first layer, he found that some of it pene-
trated the entire stack of plates, tracing its path by activating
every emulsion. Rutherford used a much stronger magnetic
field and found that the more easily absorbed portion could be
slightly deflected, indicating that it consisted of a stream of
positively charged particles. There still remained the unde-
flected penetrating portion of the radiation. This was called
gamma radiation and has been shown to consist of electro-
magneticswaves, identical in nature to very penetrating X-rays.

The wave-length of gamma rays was determined by the same
technique used in evaluating the wave-length of X-rays. It
was shown by Bragg that a wave-length A would be reflected
by a crystal at a grazing angle of incidence 6 if the lattice
distance of the crystal 4 satisfied the equation

A = 2dsin 6 (6.1)
This method can be used for gamma rays with energies up to

about 100 Kev. An experimental arrangement as used by

1P. Villard, Comptes Rendus, 130, 1178 (1900).
139
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Rutherford 2 and Andrade is shown in Figure 6.1. The spectro-
gram reproduced ?® is actually that of the high energy “K”
series lines from a heavy element. For very energetic gamma
radiation the wave-length X\ becomes so small that no satisfac-
tory crystal lattice exists capable of satisfying the Bragg law
with an appreciably large reflecting angle 6. In this energy
region gamma rays are studied either by their absorption in

| IS
PHOTOGRAPHIC

PLATE

Fic. 6.1. A crystal spectrometer for gamma rays.

specific elements such as lead, or by observing the behavior
of recoil electrons, produced by the gamma rays, in electric or
magnetic fields.

6.2. Origin of Gamma Rays. Gamma rays originate in the
excited nuclei of atoms. They represent the energy difference
between the initial excited state and a lower energy state which
may or may not be the ground level. That is, between the
initial and the ground states there may exist several possible
energy levels. In such a case the original transition may be
followed by one or more additional gamma emissions in rapid
succession. The nucleus is finally left in the stable ground
state. Selection rules may be formulated relating to the proba-
bility of a given transition, as is done for optical spectra. The

2 E. Rutherford and P. Andrade, PAil. Mag., 28, 262 (1914).
3J. M. Cork, Phys. Rev., 28, 197 (1925).
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packet of gamma radiation sent out as a consequence of a
single transition is termed a “photon.”

6.3. The Photon. In attempting to explain the observed
form of the distribution curve of the radiant energy from a
black-body, Planck, in 1901, introduced the notion of the
atomicity of energy in absorption and emission processes. In
1905, Einstein proposed the now famous “photoelectric equa-
tion.” 8 This states that the energy # of a light photon will
on impact with an atom dislodge an electron and give it kinetic
energy. The equation is

W="hv=131m?+ P 6.2)

where 4 is the Planck universal constant, » is the frequency of
the light, 7 and v are the mass and velocity of the ejected
electron, and P is the energy of binding of the electron or the
work required to free it from the atom. It was seven years
before this relationship was experimentally verified.s

In 1906, Einstein formulated further the corpuscular notion
of light by stating: “Every quantity of energy of any form
whatever represents a mass which is equal to this same energy
divided by ¢?, where ¢ is the velocity of light, and every
quantity of energy in motion represents momentum.” Thus
the term photon applies to a wave-train or packet of electro-
magnetic radiation in motion, whose energy /7 is_

W = Iz{‘ = hv = mc? (ergs) . (6.3)
and whose momentum is
W h h .
TS NT L =m (gm cm per sec.) (6.49)

The corpuscular notion of electromagnetic radiation was
more firmly established by the striking experiments of A. H.

¢M. Planck, Ann. d. Phys., 4, 552 (1901).

® A. Einstein, Ann. d. Phys., 17, 132 (1905).

¢ K. T. Compton, Phil. Mag., 23, 579 (1912); A. L. Hughes, Pkil. Trans. Roy. Soc.,
212, 205 (1912); R. A. Millikan and J. Wright, Phys. Rev., 36, 68 (1912).
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Compton in what is now termed the “Compton effect,” which
will be described later.

6.4. The Absorption of Gamma Radiation. While alpha
radiation is usually completely absorbed in a fraction of a
millimeter of aluminum and beta rays are absorbed by a few
millimeters of the same metal, gamma rays may traverse a
thickness of several centimeters. The absorption of gamma
radiation by materials of different density is found to vary
almost directly with the density. If radiation of intensity I'is
incident upon an absorbing layer of thickness dx, the amount
of radiation absorbed, 47, is proportional both to dx and to I,

so that
dl = —ul dx (6.5)

The proportionality factor u is a characteristic property of the
medium. It is called the coeflicient of absorption. It may be
defined as the relative loss in intensity per centimeter of path,
The negative sign indicates that I decreases as x increases. It
follows from equation 6.5, by integration, that

log. I = —pux (6.6)

By evaluating at the limits, 7/ = I, when x = 0, and J = [ at
x = x, the emergent intensity / is

I = Iy 6.7)

The coefficient of absorption umay be expressed as the recip-
rocal of the thickness that will reduce the intensity of an
incident beam to 1/¢ or 1,/2.73 of its original value. To reduce
the intensity to half its original value a thickness xy; called the

half-value thickness is required. From equation 6.7 it then
follows that

1oge% — log,2 = 0.693 = px,, ©6.8)

and
0.693

R xl/z

po= (6.9)



THE ABSORPTION OF GAMMA RADIATION 143

Experimentally, the half-value thickness is easy to determine,
and from this the absorption coefficient u is expressed by equa-
tion 6.9. The specimen under study is placed above an ioni-
zation chamber and the intensity I of the radiation is noted
as the thickness of an interposed absorber is increased. The
data are represented on a log I versus thickness coordinate

100

RELATIVE INTENSITY

o 2 ) 6 8 10
THICKNESS OF LEAD IN CM.

Fi6. 6.2. The decrease in intensity of the gamma radiation from zinc 65 in lead.

plot. A straight line of negative slope will result if the gamma
radiation is of single value as to energy. In case two discrete
gamma rays are present the resulting curve may be analyzed
to yield the absorption coefficient of each, provided the radia-
tion is sufficiently intense to be followed through a very thick
layer of absorbing substance and the two gamma rays have
appreciably different absorption coefficients.

In Figure 6.2 is shown the absorption of the gamma rays
from a radioactive isotope of zinc of mass 65. From the linear
curve the half-value thickness is 1.022 cm so that uis .693 '1.022
or 0.678 cm™. Tt is sometimes desirable to divide the linear
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coefficient p by the density of the substance p, gi mgwwhat is

e o s 828

termed the “mass absorption” coefficient p/p. This is thus
Forems; f T hat

the reci Erocal_éT that n number ¢ of grams per cm? that will reduce
the intensity to 1/e of of its original value. The same value would

be found for the mass absorption coefficient for a substance

regardless of its state of aggregation, that i is, as gas, hqufd—
orsolid. '

'_Qt}w dividing the mass absorption coefﬁcxent_ by (), the
number of atoms per gram, an atomic absorptlon coefficient
Hay defined as the relative absorptmn per atom, results. On
dividing further by the atomic number Z, an “electronic
absorptlon coefficient p, or the relative loss in intensity per
electron is obtained. Since the absorption of gamma radiation
is an electrqmc phenomenon it might be expected for a given
energy that the latter quantlty pe ) would be the same regardless
of the element from which it was derived. In practice this is
not the case, but the electronic absorption depends upon the
binding of the electron. For gamma radiation of energy 1.3
Mev, the linear, mass, and electronic absorption coefficients

in different absorbers are shown in Table 6.1.

TABLE 6.1

Absorber w(em™") ( ) He = p"l\;Z

Carbon ... .. C1oa1s | 0.059 | 1.96 X 107

Y Aluminum... . | .156 | 0.058 | 2.00 X 10°®

Iron . .. .| .455 | 0.058 | 2.06 X10®

< Copper ....... 509 | 0.057° | 2.08 X 10°%

Tin oo, 345 | 0.060 | 2.36 X 10°%
< Lead.... ... ...| .800 | 0.071 -| 2.98 x 107%."
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It is apparent that the more t:ghtly bound the electron,

the greater its ablllty to reduce_the intensity of the gamma
radiation.”

The loss in energy suffered by gamma radiation in its passage
through matter follows from three separate effects, namely, the
“photoelectric” effect, the “Compton” effect and “pair pro-
duction.” These will be treated in order.

6.5. The Photoelectric Effect. It was early known that the
passage of gamma radiation_through a . gas rendered the gas
electrically conducting. “This meant that ions were produced
by the gamma rays. Such ions can be readily visualized as
negative orbital electrons dislodged from the atoms of the gas.
The heavy atomic residues will persist only a short time as
positive ions because they will soon capture other electrons.
In_case the gamma ray gives all its energy to the dislodged

electron, the electron is termed a photoelectron. The energy
balance apphcafﬂe to this case was first proposed by Einstein.’
The energy of the incident photon

= P + imv? (6.10)

where 4 is the Planck constant, v is the frequency of the radia-
tion, P is the binding energy of the electron in the atom, m
1s its mass, and v its velocity. Since gamma rays are usually
very energetic, their energy is large compared to the binding
energy P. Hence the kinetic energy of the ejected electron is
not much less than that of the photon. Absorption due to the
photoelectric Locess is greater, the more tightly bound the
electron. Thus in _a given ‘element, a “K” electron may b be
many t_lges as eﬁ'ectlve asan L’ electron in stoppmg gamma
radiation.  Likewise for a gamma ray of given energy, the
absorption per “K” electron increases rapidly with the atomic
number of the absorbing element. For heavy elements and
radiation of low energy the photoelectric effect accounts for
most of the absorption.

! A. Einstein, Ann. d. Phys., 17, 132 (1905).
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On treating the absorption of gamma rays having energies up
to 0.5 Mev in light elements, Sauter ¢ developed a theoretical
expression for the photoglectric atomic absorption coefficient
7pn- 1t was shown to be related to the atomic number Z, and

to the binding energy P as
5 /
Z—P (6.11)

where ¢ is a calculable constant, approximately 23 X 1
and P is the binding energy in ergs. More detailed develop-
ments capable of being extended to the heavy elements and
high energies have been made.® These are still in part empiri-
cal to suit the experimental data.’® Heitler ' concludes that
for the most extreme case, namely using lead as absorber and
exceedingly high energy photons, the photoelectric absorption
coefficient is about 2.2 times the value expected by equa-
tion 6.11.

At impact the conservation of momentum must be main-
tained. A photon of energy /v possesses a momentum Av/c.
If the binding energy were zero it would be impossible for the
photon to communicate its entire energy to an electron, for
obviously both conservation of energy and momentum could
not be satisfied.

By the former,

Tph = €

—40
0=,

by = tm2 v (6.12)
and by the latter,
;171} = my (6.13)

so that by dividing equation 6.12 by 6.13, v = 2¢, which is an
absurdity.

It must therefore follow that the heavy residue of the
atom shares 1n the impact by carrying off much of the momen-

TeE. Sauter, Ann. d. Phys., 11, 454 (1931). T

9 H. Hall, Phys. Rev., 45, 620 (1934).

10 %—IbRS.)Hulme, J. McDougall, R. Buckingham, and R. Fowler, Proc. Roy. Soc., 149
131 (1935).

UW. Heitler, The Quantum Theory of Radiation, Clarendon Press, p. 126 (1935).
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tum and little of the energy. As a result the angular distribu-
tion of the emitted photoelectrons can be calculated. For low
energy photons, no photoelectrons will be emitted in the
forward direction of the gamma quanta. A photoelectron has
the greatest probability of being emitted in the direction of
polarization of the incident quantum, that is, at right angles

v«e

hv’

Fi1. 6.3. The distribution of photoelectrons of low energy and higher energy.

to its forward direction. As the energy increases, the tendency
is for the photoelectrons to have a forward component of
velocity. In Figure 6.3 the distribution of electrons is shown
at various angles when their energies are low and also when
their velocities are of the order of one-third that of light.!

To determine the energy of a gamma ray by the photoelectric
effect some success has been attained by the use of a Wilson
cloud chamber.® The chamber is provided with a thin lead

12 W. Heitler, op. cit., p. 123.
13 J, R. Richardson, Pkys. Rev., 53, 124 (1938); 55, 609 (1939).
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foil within the sensitive volume. A strong magnetic field is
applied and the photoelectrons ejected from the foil trace out
circular tracks. The radii of curvature of the tracks in centi-
meters and the magnetic induction B in gauss, yield the
momenta of the photoelectrons and hence their energy. From
this the energy # of the gamma ray can be computed by
adding the characteristic binding energy.

6.6. The Compton Effect. In 1922, a very important ex-
perimental observation was made by A. H. Compton.* Quite
independent of the photoelectric effect, it was shown beyond

SCATTERED QUANTUM

hy”
P'l -_é—
0
INCIDENT QUANTUM
. hv
P c ¢
M
Vi-g*

RECOIL ELECTRON

Fic. 6.4. Compton scattering.

any doubt that photons must be considered as corpuscles, in
that they exhibit mass and momentum as do ordinary material
particles. In the "Compton effect” the photon of wave-length
Nof frequency » with the velocity c, is incident upon a free
or loosely bound electron. At impact, the electron recoils
with a velocity v at some angle ¢ with the direction of the

4 A. H. Compton, Phys. Rev., 21, 482 (1923); Bull. Nat. Res. Counc., 20, 10 (1922),
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photon, as shown in Figure 6.4. The incident photon surrenders
its identity and a new photon of lesser energy and frequency
v’ is ejected at a direction 6 with the original photon.
Denoting the rest mass of the electron as m,, then by rela-
tivity its mass, s, momentum, and energy are respectively

mo(1 — ﬂz)-%) mo(l — 132)-%3 and  (mc? — m,c?)

where 8 is the ratio of its velocity v to that of light ¢. The
similar quantities for the photon are respectively

hv Ay

s o and Av

From the conservation of energy, and the conservation of

momentum in directions both parallel and perpendicular to
the incident photon, three independent equations may be
written as

hv = hv' + mc? — myc? (6.14)
(parallel)
hv mY hv'
7 = mCOS(ﬁ + . cos 6 (6.15)
(perpendicular)
T/-Im—:v—ﬂ; sin ¢ = ﬁ;’_ sin @ (6.16)

The classical solution of these equations, which was of
particular interest in X-ray spectroscopy, gave the change in
wave-length on scattering as

N — \ = 0.0241(1 — cos 6)(A.U.) (6.17)
or

i\ = 0.0482 sin?7 (A.U) (6.18)
It is apparent that the change in wave-length at a given

angle is independent of the incident energy. In the forward
direction, § = 0, so that there is no loss in energy by the

photon. o
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For each scattered photon at an angle 6, there is a particular
recoil particle at an angle ¢. The relationship between these
particles, as 6 takes all values from zero up to , is shown by
Figure 6.5. For a photon scattered directly backward, the
recoil electron must go directly forward. Since

hc hc

FiG. 6.5. The scattered quanta and recoil electrons in “Compton’ scattering.

where /7 and W’ are the photon energies before and after
scattering, it follows that

N —=\= /e (W’ W) = 0.0482 (6.19)
so that
W ’ —_—
T 1439 (6.20)

where /7 is expressed in Mev.
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The energy of a gamma ray may be found by observing
the Compton electrons proceeding in the forward direction of
the original beam from a thin scattering foil placed in a Wilson
cloud chamber.®® For this purpose foils of aluminum or carbon
are used and only those tracks in a small solid angle are selected.
By noting the radius of curvature of the track in a known mag-
netic field it is possible to evaluate the energy of the recoil
Compton electron. This value which is (/ — /) can then be
used in equation 6.20, to yield the energy # of the incident
photon.

This process of Compton scattering is effective in reducing
the intensity of a beam of gamma radiation traversing matter.
It is particularly important in the lighter elements for energies
that are not too high. For example, it is the main contributing
factor to the total absorption coefficient in such elements as
copper, for energies up to 3 Mev.

The scattering of radiation by electrons has been calculated
by Thomson from classical theory.’* He considered that each
electron on being swept by the radiation would be accelerated
by the electric field of the electromagnetic wave. As a result
the electron would in turn radiate a wave and the combined
effect for all of the electrons would lead to a scattering coefhi-
cient 0. The expression obtained for o for N electrons per cm3

was
8r ot
3 = = —
o (cm3) P N (6.21)
To obtain the scattering for a single electron this is divided
by N and it can be numerically evaluated as

o (electron) = 6.60 X 10725 (6.22)

This is the probability that a single electron per cm?® will
scatter a single photon passing through the volume. It might

be termed therefore the “cross section” of the electron for

% J. R. Richardson and F. Kurie, Phys. Rev., 50, 999 (1936).
B8], gx Thomson, The Conduction of Electricity through Gases, 2nd ed., Longmans,
Green & Co., p. 325 (1906).
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photon-electron collision and as such can be expressed in cm?.
The frequency of the scattered radiation is the same as that

of the incident photon and the scattering should be independent
of the energy.

The Thomson formula was found to be inadequate for

scattering in which the electron carries off any fraction of the
14

5

5
I—
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1 N |1 -
N | -~
4 |l N \———-—"/ US' \Q‘i"‘—
£ T \ PR,O’ -
\ iy PAR_I= l
\ ~—— L
\\ 3 ‘-a:’,"-. -
2 .- — - ~l— . cOyfTON-
Toege-oL PHOTOELECTRIC | | [T
" Il et S
(o] 2 4 6 8 10
ENERGY IN MEV

F1c. 6.6. The absorption of gamma radiation in lead.

energy. A later development based upon quantum mechanics
was carried out in 1929 by Klein and Nishina.’” Although
somewhat complicated, the result can be simplified for special

limiting cases. For very low energies the result is similar to
the classical expression of Thomson. For very high energies
the expression may be put in the following form:

o (electron) = %[% + log oW ] (6.23)
70. Klein and Y. Nishina, Zeits. f. Phys., 52, 852 (1929).
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where @ and 4 are constants, » is the frequency, and # is the
energy of the gamma photon. It is thus evident that the
scattering coefficient varies inversely with the energy of the
photon. The angular distribution of the scattered radiation
from a collection of electrons can be formulated, leading to a
rather involved expression. This contribution to the total
absorption coefficient as calculated by Heitler is shown for
lead in Figure 6.6.

6.7. Pair Production. By 1932 many measurements of ab-
sorption coefficients had been made for high energy gamma
rays in such elements as aluminum, copper, and lead. The
observed absorption coefficients * were found to be larger than
would be expected from the combined Compton scattering
and photoelectric effect. This discrepancy was at first usually
explained as due to some unknown contribution to absorption
by the nuclei.

In 1934 Dirac outlined a relativistic theory of the electron.!
In the development along with the ordinary states of positive
energy, he was led to the notion of the existence of negative
energy states. These possible negative energy states were
assumed to be normally filled with electrons and not observable.
A gamma ray might remove one of these electrons of negative
energy so that it became a negative electron. The “hole”

remaining would appear as a positively charged particle. It
was at first considered by Dirac that this particle should be a

proton. _

In 1933 Anderson discovered that cosmic radiation in passing
through a vertical cloud chamber, equipped with a very strong
magnetic field, showed many tracks due to negatively charged
particles.? Occasionally, however, tracks were noticed whose

18 C., Y. Chao, Proc. Nat. Acad., 16, 431 (1930); L. Meitner and H. Hupfeld, Zeits. f.
Phys., 21 1931); L. H. Gray, Proc. Camb. Phil. Soc., 27, 103 (1931); W. Gentner, Jour.
de Phys. et rad., 6, 340 (1935).

P, Dirac, Proc. Camb. Phil. Soc., 30, 150 (1934); see also W. Furry and J. R. Oppen.
heizner, g’hy:. Rev., 45, 245 (1934), and H. Bethe and W. Heitler, Proc. Roy. Soc., 146,
83 (1934).

20 C. D. Anderson, Phys. Rev., 43, 494 (1933).
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curvature indicated that they were made by positively charged
particles. After eliminating the possibility that these tracks
were made by reflected electrons as shown in Figure 5.44,
Anderson announced that they must be due to protons. On
further investigation of the curvature of the tracks, together
with the specific ionization along the path, he concluded that
L__ganﬁplasmuL_really be positive electrons or “positrons.”
With each posxtron there always appeared at least one negative
electron. ?,"[' 1s\what would be expected if the 1nc1dent gamma
ray is apmﬁ ated, giving rise to an electron “pair.”

In the annihilation process momentum and energy must
be conserved. It therefore follows that an atom must partici-
pate in the event in order to carry off the excess momentum,
for otherwise it is impossible to satisfy the conservation equa-
tions. Hence pair production can occur only in the presence
of matter, and the heavier the atom, the greater the probability
of gamma conversion in this way. If m is the mass of the
electron and ¢ the velocity of light, then for the creation of the
positron and the electron an energy of mc? (0.511 Mev) must
be supplied for each, or in total 1.022 Mev.

By irradiating a lead foil in a cloud chamber with gamma
rays having energies well above 1 Mev, the phenomenon of
pair production may be readily observed.2? By noting the radii
of curvature, the energy of each particle may be determined
and their sum used to evaluate the energy of the gamma ray.
Such a pair is shown in Figure 5.4B. The gamma energy is
1.022 Mev plus the total energy of the particles. The probabil-
ity of this process has been calculated, resulting in a rather
complicated expression when the energies of the gamma rays
extend over a wide range.” The probability of pair formation
increases as the square of the atomic number Z of the radiated
element, and increases with the incident energy.

2 1, Curie and F. Joliot, Comptes Rendus, 196, 1581 (1933); J. Chadwick, P. Blackett,
and G. Occhialini, Proc Roy. Soc., 146, 83 (1934)
2 J, G. Jaeger and H.. Hulme, Proc. Roy. Soc., 153, 443 (1935).
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6.8. Total Absorption. Since the absorption due both to the
Compton effect and to the photoelectric effect decreases as
the energy increases, while the contribution due to pair pro-
duction increases with increasing energy, it follows that at
some intermediate energy the total absorption coefficient for
any element exhibits a minimum value. For lead, the minimum
occurs for gamma rays with an energy of about 3.5 Mev,
whereas in copper and aluminum minimum absorption occurs
at about 10 Mev and 22 Mev, respectively.

For the absorption in lead, Heitler has computed the con-
tribution to the total absorption coefficient, made by each of
the three effects, over a wide range in energy. These data are
shown graphically in Figure 6.6. The minimum absorption
coefficient for lead as calculated has a value of 0.46 cm~!.
There is experimental evidence® that the true coefficient of
absorption is smaller than this calculated value. Should this
prove to be the case the discrepancy will probably be found in
the Klein-Nishina calculation at high energies.

The over-all absorption coefficient is quite different from
that which would have been expected by extrapolating the
variation of absorption coefficient with energy, from the X-ray
region. For the mass absorption coefficient of X-rays Allen
has proposed a relatlonshxp of the form

wlp = Py (gm~! cm?) (6.29)
where for aluminum 2 and 4 were constants whose values were
respectively 14 and 0.16 when \ is the wave-length in Angstrom
units.2 For other elements, 4 and 4 have different values.

6.9. Gamma Spectra and Internal Conversion. There is
good evidence that the gamma rays sent out by a_ radloactlve
source consist of definite discrete energies. The energies may
be experimentally determined in any of several ways. If only
one or two gamma energies are present they may be determined
by noting their absorption coefficient in various materials such

17, M. Cork, Phys. Rev., 67, 53 (1945).
S, J. Allen, Phys. Rev., 28, 907 (1926).
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as copper or lead and making reference to curves relating
energy and absorption as is done in Figure 6.6.

Other methods involve the observation and measurement of
the energy of recoil electrons excited by the gamma ray. These
may be either photoelectrons or “Compton” recoil electrons
or “pair” electrons. They may be studied in a cloud chamber
or a beta ray spectrometer. The spectrometer may be a
semicircular magnetic or an electron lens type or it may make
use of electrostatic focusing.

It frequently happens that a gamma ray in its passage out
from the nucleus through the orbital electrons, will give up
its entire energy to an electron of the same atom in which it
originated. This process is called “internal conversion.” The
electrons that are most likely to participate in this conversion
are the tightly bound “K” electrons. In some radioactive
emissions the probability of this conversion seems to approach
unity. For a gamma ray of definite energy coming from a
collection of atoms, some atoms will eject “K” electrons,
others “L” electrons, and some “M” electrons. The kinetic
energy of these electron groups will differ from the energy of
the gamma ray by the binding energy of each group. Such a
distribution of conversion electrons is shown in Figure 6.7.%

In this figure the three peaks correspond to the K, L, and M
electron groups ejected by a single gamma ray (0.276 Mev)
from an isotope of lanthanum, produced by bombarding barium
with deuterons. With the precision now available in beta ray
spectroscopy the K-L. or K-M differences may be obtained
with sufficient accuracy to identify the atomic number of the
radiating isotope.

The possibility of internal conversion had been suggested
by Rutherford in 1917.2¢ Experimental evidence to confirm
its existence in some of the natural radioactive emitters was
presented by Ellis in 1921.%

”% M. Cork and G. Smith, Pkys. Rev., 60, 480 (1941).
2 E. Rutherford, Phil. Mag., 34, 153 (1917).
7 C. D. Ellis, Proc. Roy. Soc. A, 99, 261 (1921).
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The relative areas of “K,” “L,” and “M” peaks are of theoret-,
ical interest in determining the probability of the reaction.
Unfortunately only gamma rays with energies less than about
400 Kev offer sufficiently high yields of conversion electrons
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Fic. 6.7. Internally converted gamma rays from lanthanum.

to make their measurement possible. Subsequent observations
have revealed that the phenomenon is fairly common. Several
examples designated by the letter “I” may be noted in the
table of isotopes shown in Chapter XII. The theoretical
treatment of internal conversion in light elements has been the

subject of many reports.?

% S, Dancoff and P. Morrison, Phys. Rev., 55, 133 (1939); M. Hebb and E. Nelson,
Phys. Rev., 58, 486 (1940); R. J. Bessey, Thesis (1942), University of Michigan.
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6.10. Nuclear Transmutation by Gamma Rays—Photodis-

integration. On allowing the gamma radiation from thorium
C, whose energy is about 2.62 Mev, to irradiate deuterium gas,
Chadwick and Goldhaber found evidence of nuclear disinte-
gration.® It appeared that the deuterium atom ;H? split up,
under the action of the gamma ray, into a proton ;H! and a
neutron og#'. This process has been termed ‘“‘photodisinte-
gration.”
" The energy of the proton produced in the disintegration may
be measured by the use of a linear amplifier or by a cloud
chamber. Assuming that the neutron carries approximately
the same amount of energy, then the binding energy of the
deuteron can be computed, if that of the incident gamma ray
is known.

The masses of the respective particles are shown in equation
form as

1H2 g lHl + onl + Q (6.25)

2.014722 — 1008130 + 1.00893 — 0 00234(— 2.178 Mev.)

indicating that an energy Q must be supplied equivalent to a
mass deficiency of 0.00234 mass units or 2.178 million electron
volts. For gamma energies less than 2.178 Mev no photodis-
integration should occur in deuterium. Actually the mass of
the neutron is known only through the observation of this
gamma ray threshold. More recent measurements of Wieden-
beck place the photodisintegration threshold of deuterium at
2.185 =+ 0.006 Mev.

The cross section for the photodisintegration process as
expressed by Chadwick and Goldhaber was about 6 X 107*®
cm?.  Although this is a small quantity the great penetration
of gamma radiation brings into the exposure a correspondingly
large number of nuclei, so that the number of disintegrations
is appreciable.

For gamma rays of low energy Av, incident on a nucleus

® J. Chadwick and M. Goldhaber, Proc. Roy. Soc., 151, 479 (1935); see also M. Wie-
denbeck and C. Marhofer, Phys. Rev., 67, 54 (1945).
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whose binding energy is /7, the cross section, o has been ex-

/

= 3mc {z_z_:)"
V/4

(6.26)

At the maximum value of o, as the energy Av is varied, the

differential = 0. It follows from the differentiation of

a’(lz v)
equation 6.26, that under this condition, v = 2#. Thus the
greatest probability of photodisintegration occurs when the
gamma energy 1s just twice that of the binding energy. From
an energy point of view the process is reversible. The capture
of a thermal neutron in hydrogen produces a deuterium
nucleus and is accompanied by the release of a gamma photon
of 2.17 Mev.

The gamma rays from lithium bombarded with protons have
an energy in excess of 17 Mev. These gamma rays have been
shown to be able to produce photodisintegrations in practically
all of the elements of the periodic table.® Since a neutron is
ejected in the process the product nucleus is always less in
mass by unity than the bombarded nucleus. If the product
nucleus does not normally exist in nature it will be radioactive,
and will in general be found to be a positron emitter.

With the high'énergy X-rays or gamma radiation now avail-
able from accelerating devices such as the 100 Mev betatron
of the General Electric Co., photodisintegration has been
greatly extended. It has been found that many particles may
be evaporated from the highly excited nucleus with a greater
probability than the emission of a single particle carrying a
large energy. By irradiating oxygen 16 there appears to be

( ;‘H) Bethe and R. Peierls, Int. Conf. on Phys., London (1934); Phys. Rev., 47, 747
193

2 G, Breit and E. Condon, Phys. Rev., 49, 904 (1936).

2 W. Bothe and W. Gentner, Zeits. f. Plzy.\‘ 106, 236 (1937).
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good evidence that along with other products carbon 11, whose
half-life is 20.7 minutes, is produced. This would involve the
escape of 2 protons and 3 neutrons.

6.11. Ionization Chambers for Gamma Radiation. Since
gamma rays eject electrons from some of the atoms they
traverse, they have an ionizing effect. In air under normal
conditions of pressure and temperature, on the average each of
a group of high energy photons will produce from one to two
ion pairs per cm of path. Some photons will disappear entirely,
while others are only modified by the Compton reaction. Each
high energy particle that is formed may in turn produce along
its path fifty times as many ions per cm, hence the recoil elec-
trons produced by the gamma rays are responsible for the total
ionization. The ionization in a gas increases with the pressure
and with the mular weight of the gas. For this reason argon
gas at pressures up Eéﬁrﬁ_a—ﬁy atmospheres is often used ad-
vantageously in ionization chambers. Other gases such as
sulphur hexafluoride (SF¢), methyl bromide, or freon (CClL,F),
whose molecular weights are 146, 94.9, and 120.9, are fre-
quently used. The latter is a commonly used refrigerant and
because of its low boiling point (—28° C.) and chemical inac-
tivity is very satisfactory

Gamma rays glve rise to many recoil electrons from the
walls of an ionization chamber. This effect has sometimes been
utlhzed to increase enormoujy the sensntwlty of an ionization
chamber. By the use of thin metal foils alternately charged
positively and negatively, the metal surface exposed to the gas
and hence the sensitivity may be multiplied by a large factor.

6.12. The Gamma Rays from Radium and Thorium (C + C’).
Gamma rays whose energies are less than 400 Kev may be
evaluated by their internal conversion electrons. For gamma
rays of greater energy, Compton electrons and photoelectrons
serve to indicate the energy. Above 1.02 Mev, that is 2mc?,
pair production may be utilized to evaluate effectively the
gamma energies. When pair-production occurs in a magnetic
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spectrometer, observations may be made on either the posi-
trons or the negative electrons as desired, by reversing the
magnetic field. By using the positrons any confusion due to

TABLE 6.2. THE GAMMA RAYS FROM TH (C + C’) aBove 1 MEV

Energy (Mev) | Relative Intensity

1.35 ...... 1.0
1.50 ....... 0.65
1.60.......... 1.10
1.80 ....... 0.65
2.20....... 0.60
2.62. . ... 10.00
3.20.. .. . 0.25

TABLE 6.3. GAMMA RAYS FROM RADIUM

Energy (Mev) | Relative Intensity

1.100........ 2.4
1.21 .. ... 0.56
1.29 0.44
1.39 . 1.19
1.52 ....... 0.71
1.62 ...... 0.54
1.69 .... ... 0.40
1.75 ... 2.4
1.82 ... ... 0.41
209 ......... 0.37
2,20 ........ 1.0
2.42 ... ... 0.5

other accompanying electrons is avoided. The high energy
spectra emitted by radium and by thorium (C + C’) have
been carefully studied in this way. These spectra are of inter-
est since these sources have been so extensively used in gamma
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ray studies. The distribution of photons in the high energy
spectrum of thorium (C + C’) is shown in Figure 6.8, and
those from radium in Figure 6.9.% The data are presented
numerically in Tables 6.2 and 6.3.

6.13. Use of Gamma Radiation in Radiology. Any suffi-
ciently intense ionizing agent will kill living tissue. Those
cells that are in the process of growth, such as most cancerous
tissue, are usually more susceptible. It is the hope of the
radiologist that by proper dosage the abnormal fast-growing
tissue may be destroyed without seriously damaging normal
cells. Therapeutic doses used in practice vary from 300 up to
3000 roentgen units. The filtered gamma radiation at a point
10 cm from a source of one gram of radium in one hour is about
85 roentgen units. The absorption coefficient of tissue for the
gamma radiation from radium is about 0.067 cm™. The
radiation thus has a very considerable penetration, losing about
7% of its intensity on passage through each centimeter of
tissue or dropping to half-value on traversing a layer of 8 cms.

6.14. The Wave-Nature of Particles. With the elaboration
of the photoelectric and the “Compton” effects, the dual nature
of electromagnetic radiation was well established, namely that
it is both wavelike and corpuscular. It was soon equally well
established that such entities as electrons, protons, and neutrons
must be regarded not only as corpuscular but also as wavelike
in nature.

The first evidence of this was presented by the famous
electron scattering experiments of Davisson and Germer in
1925.% By using as the scatterer a crystal of nickel, they found
certain well-defined beams of electrons issuing from the target
for a certain definite incident angle. The theory sufficient to
explain their results as a Bragg crystal reflection had already
been formulated, but was unknown to the experimenters. In
1924, L. de Broglie had proposed in a Doctor’s thesis that the

8 A, Alichanow and G. Latyschev, Jour. Phys. USSR, 3, 263 (1940).
M A, Alichanow and V. P. Dzelepov, Comptes Rendus, USSR, 20, 133 (1938).
% C, J. Davisson and L. H. Germer, Phys. Rev., 30, 705 (1927).
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particles of matter are intrinsically wavelike as well as corpus-
cular in nature.’® The theory of de Broglie has been extended
by Scrédinger, Heisenberg, and others to become the extensive
subject of “Wave-Mechanics.”

The energy # of a particle was considered associated to a
frequency » just as for a photon, namely # = Av or h{ where 4
is the Planck constant, ¢ the velocity of light, and \ is the
wave-length. The momentum P is the energy # divided by
the velocity of light ¢, hence

Pemp="_" (6.27)
c A
Thus there results a wave-length A given by
A= 2 (6.28)
my

If the particle derives its energy 7 from the acceleration of a
charge e in falling through a potential E, then,

W = Ee = tmv?® (6.29)
as that
v = | 2Ee (6.30)
m
and
Y3
~m \/ZEe V2eEm (6.31)
For electrons
_ 6.624 X 10~%
V2 X 4.8025 X 10719 X 9.1066 X 10~28 X g3 X \/E
_ 122
= 7% X 1078 cm (6.32)

% 1. de Broglie, Theses, Paris, Mason et cie. (1924); Ann. d. Phys., 3, 22 (1925).
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For protons
122 X108 28.6

= —10
530k 2 X 107% cm (6.33)

so that at 9 Mev the wave-length of protons becomes 9.5 X
1073 cm, which is approaching in magnitude the dimensions
of the nuclear diameter. For very slow protons or thermal
neutrons the de Broglie wave-length becomes of such an order
that Bragg crystal reflection is entirely possible.

QUESTIONS AND PROBLEMS

1. The intensity of a beam of gamma rays on passage through lead
of thicknesses 1, 3, 5, and 7 cms is found to be 90, 20.6, 4.78, and 1.10,
divisions per minute. Express the half-value thickness and the co-
efficient of absorption in em™. What possibilities exist for the value
of the energy? Calculate the atomic and the electronic coefficients
of absorption.

Answer: dy; = 0.95 cm, p = 0.729 cm™, # = 1.28 Mev or 15.3
Mev, ps = 2.2 X 10723, and u, = 2.69 X 10725,

2. Prove that a gamma ray cannot give its entire energy to an elec-
tron. Demonstrate that “pair production” cannot be accomplished
by a gamma ray in free space.

3. A photoelectron from a thin lead foil in a Wilson cloud chamber
describes a track whose radius of curvature is 10 cm in a magnetic
field of 200 maxwells per cm?. Assuming the electron to be from the
“K” shell, what was the energy of the gamma ray?

Answer: W = 357 Mev.

4. A Compton recoil electron in the same direction as the incident
photon has a radius of curvature of 15 cm in a magnetic field of 400
maxwells per cm®. What is the energy of the gamma ray?

Answer: Wo =136 Mev, /., = 1.58 Mev.

5. The radioactive isotope, tellurium 129, decays by internal con-
version. What will be the Bp values for the K, L, and M electron
groups?

Answer: Bp (K) 924, (L) 1099, and (M) 1124 gauss cm.

6. Gamma rays whose energies are 1.5, 3.0, and 10.0 Mev, all of
equal intensity, are passed through 12 cm of lead. Compare the in-
tensities in the emergent beam.

Answer: Intensity ratio I, 5:15: 1o = 0.66:2.8:0.78.
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7. What minimum energy would enable a gamma ray to make
carbon 11 from carbon 12 by photodisintegration?
Answer: Am = 0.0202 mass units or 18.7 Mev.
8. What is the de Broglie wave-length of a 10 Mev deuteron? Of
a thermal neutron at 27° C.?
Answer: = 6.39 X 10713 ¢m and 1.46 X 1078 cm.



CHAPTER 7
NEUTRONS

7.1. Discovery. In 1930, Bothe and Becker noticed that
light elements, particularly boron and beryllium, when bom-
barded by the alpha rays from polonium seemed to emit what
they assumed were very penetrating gamma rays.! 1. Curie-
Joliot 2 and F. Joliot * proceeding on the same assumption meas-
ured the absorption coefficients of the supposed gamma radia-
tions in lead. For the radiations from beryllium and boron,
respectively, linear absorption coefficients of 0.147 and 0.227
cm™ were observed. They interpreted this as meaning that
the gamma radiation from the beryllium had an energy be-
tween 15 and 20 Mev and that from boron about 11 Mev. At
that time only the Klein-Nishina formula was considered. It
was not yet known that such low-valued absorption coefficients
were impossible for any substance because of the absorption
due to electron pair formation.

It was observed that when carbon, in the form of paraffin
sheets, was placed in the path of the supposed gamma radia-
tion, a new radiation seemed to come from the carbon. This
latter radiation behaved like proton radiation but it had a very
long range, up to 26 cm in air. Assuming these particles were
generated in the carbon by a process similar to the Compton
effect, it was necessary to postulate that the energy of the in-
cident gamma quanta was of the order of 55 Mev.

J. Chadwick 4 conducted experiments confirming the con-
clusion that the particles emanating from the carbon were pro-

1W. Bothe and H. Becker, Zeits. f. Phys., 66, 5—6 289 (1930).
’I Curie-Joliot, Comptes Rendus, 193, 1412 ( )
é oliot, Com tes Rendus, 193, 1415 (1931).
hadwick, ature, 129, 312 (1932)
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tons. The only way he could justify their presence was to
assume that the radiation from the beryllium or boron was not
gamma radiation but rather consisted of energetic neutral par-
ticles. These neutral particles were assumed to have arisen
from nuclear disintegration induced by the alpha particles and
because of their lack of electric charge they could penetrate
matter with little absorption. He called the particles “neu-
trons.”

A source of neutrons of this type that is now widely used
consists of a mixture of radon with beryllium powder or filings.
The alpha particles from the radon have an energy of 5.3 Mev.
The equation representing the reaction is then

oHe?t (5.3 Mev) + 4Be® — ¢C*2 + o' (Q + 5.3 Mev) (7.1)

It is apparent that the mass disappearing in the reaction is
0.00600 mass units. This corresponds to a Q value of 5.6 Mev
so that the total energy to be carried off in each disintegration
is 10.9 Mev. To satisfy the conservation of momentum the
neutrons must carry the greater share of the energy. These
particles are termed “fast” neutrons.

Subsequent experiments have shown that neutrons may be
given off when almost any element is bombarded with high
energy particles, such as protons, deuterons, or neutrons. Be-
ing neutral in charge, they are the disintegration particles that
can most easily escape through the nuclear barrier, provided
enough energy exists for their formation.

To produce very high energy neutrons, deuterons of several
million electron volts are allowed to fall on a lithium target.
This reaction for, say, 10 Mev deuterons may be represented
by the following equation,

1H? (10 Mev) + 3Li" — 4 Be® + on! + (Q + 10 Mev) (7.2)

The mass decrease to be accounted for is 0.01632 mass units
which represents an energy of 15.2 Mev. The neutrons which
proceed in the same direction as the incident deuterons may
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thus have an energy almost the sum of that of the deuteron
plus the reaction energy or 25 Mev.

Another possibility in this same bombardment is that the
beryllium 8 nucleus splits into two alpha particles. This
seems to occur with about a 509, probability. In this case the
mass loss is much greater, being 0.026254 mass units. The
alpha particles share almost equally in the energy and they are
found to have a range up to 7.8 cm in air corresponding to an
energy of 8.7 Mev.

7.2. The Mass of the Neutron. Since the neutron carries no
net electric charge it cannot be deflected in either a magnetic
or electric field. Hence the conventional methods cannot be
applied to determine its mass. Only indirect methods may be
employed to this end. The masses of the deuteron and the
proton may be independently determined in a mass spectro-
graph to be, namely, 2.014174 and 1.007582. The threshold en-
ergy for photoelectric disintegration appears to be close to 2.18
million electron volts. This is equivalent to .002335 mass
units. Hence the energy equation in terms of mass becomes:

1H2 + ]Zl’ - ]Hl + 01]1 (7-3)

2.014174 - 0.002335 — 1.007582 + mass of neutron (1.00893)

The masses involved in this reaction have recently been re-
vised, so that the final mass of the neutron proposed by
Hughes ** is 1.008937 =+ 0.0000075 mass units. Another in-
direct method has been used which involves the measurement
of the energies of the recoiling component particles produced
in a known disintegration initiated by a slow neutron. This
can be done by having the disintegrations occur in the mole-
cules of the gas within a cloud chamber in a known magnetic
field. These measurements can hardly be made with an ac-
curacy sufficient to establish the mass with the certainty ob-
tained in the photodisintegration experiment. Figure 7.1

4 D. J. Hughes, Phys. Rev., 70, 219 (1946); see also J. Mattauch, Phkys. Rev., 57,
1155 (1940).
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Fic. 7.1.  Recoil protons in Wilson cloud chamber produced by neutron bombardment.




THE ABSORPTION OF NEUTRONS AND THEIR RANGE IN MATTER 171

shows the dense paths of the recoil protons originating in the
gas of a cloud chamber exposed to neutron radiation.

7.3. The Absorption of Neutrons and Their Range in Matter.
The uncharged nature of the neutron makes it behave very
differently in its transit through matter than do such charged
particles as electrons, protons, deuterons, or alpha particles.
Charged particles can exert electric or magnetic forces capable
of ionizing the atoms through which they pass and capable of
interacting with the positively charged atomic nuclei. The
neutron, however, can experience a force only when it comes
within extremely close range of a nucleus. The interaction
with the nucleus may be regarded as a collision, which may be
either elastic or inelastic.

a. Elastic Collision. In an elastic collision the ordinary con-
servation laws apply. A portion of the energy of the striking
neutron is transferred to the struck nucleus. If the target nu-
cleus is extremely heavy, such as lead, then the energy loss by
the striking neutron is very small. Light atoms, on the other
hand, will at each collision reduce materially the energy of a
high-speed neutron. Thus a centimeter of a light material
such as water or paraffin will more effectively reduce the in-
tensity of a beam of energetic neutrons than the same thick-
ness of lead. As the energy of the neutron diminishes, it ap-
proaches an energy of 34T corresponding to that of a particle
in thermal equilibrium with its surroundings, where % is the
Boltzmann gas constant per particle, 1.37 X 107¢ ergs per de-
gree C., and T is the temperature on the absolute scale. It is
then often termed a “thermal” neutron or a “C” neutron. At
a temperature of 300° K. this energy amounts to about 0.038
electron volts.

For elastic collision in the case of the neutrons from (Ra +
Be), Dunning observed the variation in the cross section for
atoms of various atomic weights.> The results are summarized
in Figure 7.2.

8 J. Dunning, G. Pegram, G. Fink, and D. Mitchell, PAys. Rev., 48, 265 (1935).
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The cross sections are found to increase with atomic weight
roughly in the same manner as the geometrical cross section of
a sphere whose volume increases proportionally with the num-
ber of particles. A beam of fast neutrons was found to be re-
duced in intensity to half-value by a thickness of about 5 cm
of water. For lead a similar reduction in intensity was ac-
complished by an absorber having 50 gms. per cm?2.
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Fic. 7.2. The variation in cross section for the elastic collision of 10 Mev neutrons
with various nuclei.

By placing a source such as (Ra + Be) at the center of a
sphere of paraffin and increasing the thickness progressively,
an optimum radius will be found for which a maximum yield
of slow neutrons exists outside the sphere. Using a lithium-
lined detecting chamber, Dunning found an intensity varia-
tion as shown in Figure 7.3. A maximum neutron intensity
exists for a thickness of paraffin of about 10 cm. This phe-
nomenon can readily be explained by assuming that fast neu-
trons are being converted into slow neutrons by the paraffin
and if this conversion gives rise to more slow neutrons than
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are lost by absorption then the emergent intensity will be aug-
mented. For a thickness greater than 10 cm the absorption
predominates and the intensity decreases. A detector for fast
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Fic. 7.3. The neutron yield at a fixed distance from a neutron source as influenced
by the thickness of intervening paraffin.

neutrons, however, will show a decreasing activity continu-
ously as the thickness increases.

b. Inelastic Collision—Neutron Capture. The impinging neu-
tron will occasionally enter the struck nucleus and unite with
the other particles thereby forming a new isotope of the bom-
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barded element. If as a result the nucleus is left in an excited
state, any excess energy may be carried off by the emission of
radiation. The new isotope will consequently have a mass one
unit greater than that of the target nucleus. This process is
termed neutron “capture.” The newly formed isotope may
have an atomic weight not existing for that element in nature.
If this is the case, then this newly created nucleus is bound to
be radioactive, that is, it will, by the emission of radiation,
convert to a stable nucleus.

A rather exhaustive survey of this neutron capture reaction
for the available elements of the periodic table was made by
Fermi and his associates at Rome.® He used the neutrons
from a strong (Ra + Be) source, whose energy has a value up
to 10.9 Mev. The radioactivity persisting in the element after
bombardment was taken as an indication of the capture reac-
tion. Some elements developed a strong radioactivity while
others were inert after bombardment. The half-lives of the
activities induced varied from a few seconds up to several days.

Certain elements which show no delayed radioactivity, do
emit gamma rays during the bombardment and show a large
coefficient of absorption for neutrons. The product nuclei in
this case are probably stable isotopes. Many subsequent in-
vestigations have been made relative to this phenomenon.’
The cross section for capture is found to vary greatly from ele-
ment to element. In some elements such as cadmium and the
rare-earths, the cross section is found to be as large as 4000 X
10~2¢ cm? whereas for other elements it may be less than 0.1
X 10~ cm2.  Some observers have reported a periodicity in
the capture cross section with steadily increasing atomic num-
ber, something like the similar periodicity in atomic volumes.
Results of this nature as found by Kikuchi and Aoki are shéwn

S E. Fermi, F. Amaldi, O. d’Agostino, F. Rasetti, and E. Segté, Proc. Roy. Soc., 146,

483 (1934).
70. Frisch, H. V. Halban, and J. Koch, Proc. Dan. Acad., 15, 10 (1938); C. Lapointe
and F. Rasetti, Phys. Rev., 58, 554 (19405; 8, 869 (1940); R. D. O’Neal and M. Gold-

haber, Phys. Rev., 59, 102 (1941).
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in Figure 7.4.8 The incident neutrons were derived from the
bombardment of heavy water by deuterons.

It was noted that the radioactivities induced in silver, rho-
dium, indium, and many other elements were greatly enhanced
by surrounding them with paraffin or other hydrogenous ma-
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Fic, 7.4. The variation in the capture cross-section neutrons by atoms of varying
atomic number.

terial. Since the layers of hydrogen slowed the incident fast
neutrons, this phenomenon was interpreted as showing that
the capture cross section varied inversely with the velocity.
However, in many substances there was evidence that a res-
onance capture occurred. That is, at certain definite energies

8 S, Kikuchi and H. Aoki, Phys. Rev., 55, 108 (1938).
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between the high range and that of thermal neutrons, selective
absorption took place accompanied by the appearance of strong
radioactivity.

7.4. Neutron Groups. Thermal neutrons are strongly ab-
sorbed in cadmium and have been designated as “C” neutrons.
Their absorption coefficient is about 130 cm™2, or in other words
a thickness of cadmium of only 0.053 mm will reduce the in-
tensity to one-half of its original value. Fermi ® has found for
thermal neutrons in paraffin an elastic scattering cross section
(0.) for hydrogen of 43 X 10~2¢ cm? and a capture cross section
0.0f0.31 X 1072 cm?. The mean life 7 of the neutron is about
1.7 X 10 seconds. Next in energy are those neutrons that
are strongly absorbed in rhodium, called “D”’ neutrons. Their
absorption coefficient is about 41 cm™. Other groups of
slightly higher energy are the A and I neutrons selectively ab-
sorbed in silver and indium, respectively. The absorption co-
efficient of the A group in silver is about 210 cm™,

The absorption of neutrons in the uranium isotope of mass
238 is of particular interest in that it leads to the formation of
the element plutonium. It was at first reported 1 that a res-
onance absorption occurred in U 238 at 25¢v, with a cross sec-
tion of 1200 X 1072* cm2. Other later measurements ' place
the absorption at Sev with a cross section of 5000 X 10—2*
cm?,  Perhaps absorption occurs at several resonance poten-
tials.

The element boron has a large cross section for neutron ab-
sorption and it is believed that the absorption coeficient varies
strictly inversely with the velocity of the neutrons. It has
accordingly been used to determine the energy of the other
resonance absorptions. The absorption coefficients of the res-
onance neutrons and of thermal neutrons are measured in bo-
ron. This gives the ratio between the velocities of the neu-
trons. The energies will vary as the square of the velocities.

* £. Amaldi and E. Fermi, Phys. Rev., 50, 899 (1936).
0], Meitner, O. Hahn, and F. Strassmann, Zeits. f. Phys., 106, 249 (1936).
1 H. L. Anderson, Phys. Rev., 57, 566 (1940).
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Thus if w,, v, and 77, denote the absorption coefficient, the ve-
locity, and the energy, respectively, for the resonance neutrons
and p, v, and # the similar quantities for thermal neutrons,
then

—2-='—2‘='ﬁ/:;= W, (7.4)
so that

2
w, = 0.038 X (5 (electron volts) (7.5)

Boron trifluoride, being a gas, is admirably suited for use in a
discharge tube for detecting neutron radiation. The reaction
consists in the absorption of the neutron with the emission of
an alpha particle, leaving a lithium residue. It may be repre-
sented as sB'%(n, &)3;Li7 in which an energy of about 2.5 Mev
is released per disintegration. This energy is carried off by
the two resulting particles. They produce intense ionization
along their path and will initiate a discharge between elec-
trodes if a suitable high potential is applied.

7.5. Collimation and Production of Neutrons—Monoener-
getic Neutrons. In experimental work with neutrons it is fre-
quently desirable to have a collimated beam, sometimes of a
definite energy. A neutron “howitzer” as used by Dunning 12
is shown in Figure 3.18. A source consisting of a mixture of
radon and beryllium is located at the bottom of the barrel. It
sends neutrons with energies up to 10 Mev outward in all di-
rections. The thickness of the paraffin is sufficient to reduce
the number and energy of the neutrons to a negligible quantity
in every direction except through the barrel. Layers of cad-
mium and lead are used to absorb the slow neutrons produced
in the paraffin and any gamma rays arising from neutron
capture.

The bombardment of heavy hydrogen by deuterons results
in a high neutron yield. This reaction may be represented as

12 P, Powers, H. Carroll, and J. R. Dunning, Phys. Rev., 56, 266 (1938).
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1H2(d, n);He?, or by the equation
1H2 + 1H2 - 2]:']:63 - onl + Q (7.6)

The mass discrepancy is 0.003408 mass units corresponding to
a Q value of +3.17 Mev.

Incident deuterons need have only a very low energy to in-
itiate the reaction. This threshold value for heavy hydrogen
may be calculated from the expression for the potential energy

as

W =1.022 ZZQ = 1.022 X -2—1,—‘ = 0.82 Mev (7.7
Actually an appreciable yield is obtained for deuterons with an
energy as small as 10 Kev.

By bombarding beryllium with high energy deuterons an in-
tense neutron radiation results. By using the deuteron beam
in the cyclotron such sources may be equivalent in neutron
yield to that from thousands of grams of radium mixed with
beryllium. In the forward direction for 10 Mev incident deu-
terons, the energy of these neutrons is about 14 Mev. This
follows from the equation

4Be9 + 1H2 - 5B10 + 0711 + Q (7.8)

in which 0.00432 mass units disappear, so that Q is 4.022 Mev.
On bombarding lithium with 10 Mev deuterons, a high yield
of neutrons with energies up to 25 Mev is obtained, as shown
in equation 7.2. To bombard any other substance with these
high energy neutrons the specimen is placed close to the lith-
ium, directly opposite to the area exposed to the deuterons.
To obtain a collimated beam of neutrons from any of these
sources an arrangement of lead and hydrogenous material as
shown in Figure 3.19 may be employed.® A thickness of 3
cm of lead is sufficient to reduce any direct gamma radiation
from the source to a negligible quantity. Other layers of lead
absorb the gamma radiation arising from neutron capture in
1B P, Acbersold, Phys. Rev., 56, 714 (1939).
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the hydrogen. Well-defined neutron beams may be obtained
whose direct intensity is more than one hundred times that ex-
isting in the shadow of the outer edge.

Slow neutrons having a definite energy may be selected in
the collimated beam by a technique due to Alvarez.4 During
the bombardment of the beryllium target, neutrons having a
rather wide spread in energy are being emitted. Since there is
no delayed emission of neutrons, the instant the bombardment
ceases the neutrons received at a station a few meters from the
target begin to die out. The fast-moving neutrons disappear
first and then those with progressively less and less energy.
Now by rendering the detecting circuit sensitive only for a
few microseconds beginning at a definite interval after the ces-
sation of the bombardment, neutrons with energy not greater
than some definite minimum may be observed. To increase
the number of slow neutrons the entire beam is passed through
a layer of hydrogenous material. Several modifications for
pulsing the deuteron output have been introduced. This may
be accomplished in the cyclotron by controlling the oscillator,
the deflector potential, or the ion source. This technique can-
not be extended to obtain monoenergetic neutrons of very high
energy. For neutrons of, say, 10 Kev, the effective velocity is
1.4 X 10° meters per second. The timing of the receiving cir-
cuit cannot possibly be controlled with sufficient accuracy to
distinguish groups in this range. -

By the use of reflecting crystals in connection with the neu-
tron beams from chain-reacting piles, to be described later, in-
tense beams of monoenergetic neutrons may be obtained.

7.6. Transmutations Produced by Neutrons. It has been
indicated that an inelastic collision of a nucleus with a neutron
can take place even if the neutron has a negligible or thermal
energy. This is possible because there is no effective nuclear
potential barrier to the approach of the uncharged neutron.

U L. Alvarez, Phys. Rev., 54, 609 (1938); C. P. Baker, R. F. Bacher, and D. Swanson
Phys. Rev., 57, 351, 1076 (1940).
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This capture process very often leads to new, unstable, or ra-
dioactive isotopes of either the bombarded element or an ele-
ment standing near it in the periodic table. The type of re-
action induced by the bombardment depends largely upon the
energy of the incident neutron. The disintegration occurring
at impact may consist in the ejection from the compound nu-
cleus of any one of the following: (4) gamma ray, (4) proton,
(¢) alpha particle, (4) two neutrons, (¢) three particles, and
(f) fission of the nucleus.

a. Neutron-Gamma Ray. In this reaction the product nu-
cleus retains the visiting neutron and any excess energy is car-
ried off by the emission of a gamma ray. The nucleus that is
formed is therefore larger in atomic weight by one, than the
bombarded nucleus. If this isotope does not normally exist
in nature, it is certain to be radioactive. This is a very likely
reaction when the energy of the incident cnexgy is low. The
abbreviated representation of the reaction is ,4"(n, v),4" .
Any release of energy because of the mass difference between
initial and final products, as well as the energy of the incident
neutron, will be conveyed away by the gamma ray.

The systematic survey of the elements of the periodic table
for this reaction as carried out by Fermi and his associates at
Rome has been mentioned.®® Beginning with oxygen, forty-
two different radioactive products were found in the first ex-
amination of the elements. This list has been greatly extended
by subsequent investigations.

b. Neutron-Proton. The uncharged neutron can enter the
nucleus with negligible energy. It can also leave without en-
countering a barrier. For a charged particle such as a proton
to escape from the nucleus, however, because of its electrical
charge, a potential barrier must be surmounted. In the same
way that a certain probability -exists for a charged particle to
enter the nucleus when its energy is less than the height of the

B F. Amaldi, O. d’Agostino, E. Fermi, P. Pontecorvo, F. Rasetti, and E. Segré,
Proc. Roy. Soc., 149, 522 (1935).
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potential barrier, so also may some escaping particles filter out,
even though their energy is less than the height of the barrier.
As the energy of the escaping particle increases, so also does
the probability of its escape. When the energy of the charged.
particle becomes as great as that of the barrier, the probability
of escape is unity and a saturation yield is attained. This proc-
ess may be regarded as a competing process for straight nuclear
capture and becomes relatively more important for incident
neutrons of large energy and for elements of low atomic num-
ber. The reaction may be represented as ,4"(n, p),_14" or
in equation form as

A+t o A H 4 Q (7.9

The energy Q together with any incident kinetic energy is
shared by the resultant particles. The product nuclei are usu-
ally emitters of negative electrons and by this emission revert
to the original isotope.

¢. Neutron-Alpha Particle. Certain light elements on being
bombarded with energetic neutrons give evidence of disinte-
grating by emitting alpha particles. This phenomenon has
been observed directly in Wilson cloud chambers. A trace of
boron trifluoride added to the gas in the chamber will on ex-
posure to a neutron beam occasionally give rise to a disruption
showing two heavy tracks. This reaction for the case of boron
may be represented as ;B'*(#, a)3;Li7 or by an equation as

sB'® + on! — ZLi" + ;He* + Q (7.10)

in which a mass loss of 0.00322 mass units occurs, correspond-
ing to a value for Q of 3.0 Mev.

On bombarding lithium 7 in a similar way, each disintegra-
tion leads to the formation of two alpha particles together with
an electron. A reproduction of these oppositely directed tracks
in a photographic emulsion is shown in Figure 4.2C. Together
the two alpha tracks make almost a continuous straight line.
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d. Neutron-2 Neutrons. ‘The masses of adjacent isotopes for
any one of the heavier elements differ by almost exactly one
mass unit, as shown by the Table of Isotopes in Chapter 12.
Since their nuclei differ in constitution by one neutron, and
the mass of the neutron is 1.00893, then energy must be added
to convert the heavier isotope into the lighter plus a neutron.
This energy, sufficient to account for the mass 0.00893, and
any slight difference as shown by the packing fraction, may be
expressed as about 9 £ 2 Mev. Hence if an incident neutron
possessing 10 or more Mev enters a nucleus, it may result that
two neutrons simultaneously are ejected. In this event the
new isotope formed is less in atomic weight by one than the
parent nucleus. If the product nucleus does not normally ex-
ist in nature, it is almost certain to be a radioactive emitter of
positive electrons. This reaction may be represented in gen-
eral as ,4"(n, 2n),4" " or for a specific isotope such as, say,
phosphorus 31, an equation may be written as

1P+ ot o PO+t on +w (7.11)

30.9839 1.00893 29.9882 1.00893  1.00893 (- 0.0132)

In this case the energy # must be greater than w by an
amount equivalent to (0.00893 + 0.00430) mass units or 12.3
Mev. The isotope P® has a half-life of 2.55 minutes and emits
positrons with a maximum energy of 3.0 Mev.

This reaction was first observed by Bothe and Gentner.® A
rather comprehensive survey in which most of the elements of
the periodic table were bombarded by 20 Mev neutrons was
carried out at the University of Michigan.” The neutrons
were obtained by the bombardment of lithium with 10 Mev
deuterons. From the elements bombarded a total of 115 ra-
dioactivities was observed. Of this number about one-third
were emitters of negative-electrons and were identified to be the
same activities produced by Fermi in neutron capture. The

18W. Bothe and W. Gentner, Naturwiss., 28, 191 (1937).
¥ M. L. Pool, J. M. Cork, and R. Thornton, Phys. Rev., 52, 239 (1937).
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remainder of the newly observed activities were positron emit-
ters of the type here described.

e. Neutron-3 Particles. The detachment of each neutron
from a nucleus requires 8 to 10 Mev. Thus an incident neu-
tron of energy greater than 20 Mev has in some elements the
possibility of inciting a struck nucleus to give off three neu-
trons or equivalent particles in disintegration. The proba-
bility would increase with additional neutron energy. Such
neutrons may be derived from lithium bombarded with high
energy deuterons, if the neutrons are observed in the direction
of the incident deuterons. To establish this process with cer-
tainty the product nucleus must be identified. This has been
done in the case of sulphur exposed to very high-energy neu-
trons.’ The product isotope was identified as phosphorus of
mass 30. The reaction may be represented by the symbol
165%2(n, 2np);15P® and the equation is

165 + 1! + W = PP + n' + on' + H' 4w (7.12)

An alternative reaction would involve the emission of three
neutrons together with a positron. The mass discrepancy is
(—0.02296) mass units so that (/7 — w) must represent an en-
ergy greater than 20.5 Mev.

f- Fission by Neutrons. For the sake of completeness an-
other type of reaction, discussed in more detail later, must be
mentioned here. Very heavy nuclei made unstable by the ad-
dition of a neutron will sometimes, instead of sending out a
small particle, break up into two parts of comparable size.
The process is called fission. This has been found to be pos-
sible for all elements whose atomic number is 90 or above. The
energy required for fission in the case of two of these isotopes,
namely, uranium 235 and plutonium 239, need be only that of
a low-speed neutron. Other isotopes undergo fission only when
the incident neutron carries an amount of energy greater than
their threshold values, which in some cases is as high as 1.5 Mev.

8J. M. Cork and W. Middleton, Phys. Rev., 58, 474 (1940).
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These heavy elements are all naturally radioactive and in
their natural decay would emit over a very long period of time
a succession of alpha and beta particles each with considerable
energy. In fission, this total amount of energy and more, which
is of the order of 190 million electron volts, is released in a single
process.

Although fission had been unknowingly carried out first by
Fermi® and later by Hahn 2 and his associates in Berlin-
Dahlem, and in Paris by I. Curie and P. Savitch,* the first
recognition of the process was the announcement on January
6, 1939, by Hahn and Strassmann.2

7.7. The Scattering of Neutrons. A knowledge of the laws
of force acting between elementary particles is of fundamental
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importance. Certain facts regarding these forces can be es-
tablished by observing the scattering of elementary particles
by each other. Direct neutron-neutron scattering cannot be

B E, Fermi, Nature, 133, 898 (1934).

0. Hahn, L. Meitner, and F. Strassmann, Nafurwiss., 26, 475 (1938).

21, Curie and P. Savitch, Jour. de Phys., 9, 355 (1938); 206, 906, 1643 (1938).
20, Hahn and F. Strassmann, Naturwiss., 27, 11, 89 (1939).
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accomplished since neutrons can not be produced and held as
a target. The nearest approach is to project a beam of neutrons
into hydrogen gas. Observations can be made on either the
scattered neutrons or on the recoil protons.

It is common experience that a moving billiard ball on strik-
ing head-on another similar ball at rest, will communicate all
of its energy and momentum to the struck ball and itself re-
main at rest at the point of impact. In the same manner, an
incident neutron or proton of not too high energy on striking
a hydrogen nucleus directly will transfer its entire energy.
When a glancing collision occurs, the conservation of momen-
tum and the conservation of energy relate the motions of the
two scattered particles as shown in Figure 7.54. Since the
masses, whether neutrons or protons, are essentially the same,
they need not appear in the equations, so )

Vicos0 + Vycosp =V (7.13)
Visin — Vysing =0 (7.19)
V24 T,2=172 (7.15)

where V', V,, and ¥, are the velocities of the incident neutron,
the scattered proton, and scattered neutron respectively.

On squaring equations 7.13 and 7.14 and adding, and sub-
stituting for /2 its value from equation 7.15, it follows that

tan § = cotan ¢ . (7.16)

Hence (6 4+ ¢) must always add to 90° and the paths of
the two particles are at right angles. The energy #, of the
particle scattered at an angle 6 is the energy /# of the incident
particle times cos? 6, or

W, = W cos® 0 (7.17)

In this case, there can be no back-scattering and 6 cannot ex-
ceed 90°. This variation in the energy of the scattered par-
ticle at different angles is shown in the upper portion of Figure
7.5B. The angles mentioned are measured in the fixed labora-
tory coordinate system.



186 NEUTRONS

It is frequently of interest to consider the scattering as it
would appear in a coordinate system whose origin is the center
of mass of the two interacting particles. Scattering angles in
this system would be double those in the laboratory system.
For the direct collision the velocity in the forward direction
would be only half that in the fixed system and hence the en-
ergy would be only one-quarter as large. This same energy
would characterize particles scattered at every other angle.
This spherical distribution is shown in the lower part of Figure
7.5B.

In the symmetrical, center-of-mass system, the number of
particles per unit solid angle (¢) is the same in every direction.
Hence the number of particles (dn) scattered between an angle
6 and 6 + 46 is

g -
dn = g2 sin6d9 = 6.9 (7.18)
In the laboratory system the corresponding angle 8’ is equal
to /2 so N
dn’ = o2nsin20'-2 40’ = o8 sin 0’ cos 8’ 46’ = k cos 0’ 4’
(7.19)

or the number of scattered particles varies as the cosine of the
angle of scattering.

As the energy of the incident neutrons is increased, the scat-
tering process becomes more complicated. A proton and a
neutron in close proximity may attract each other because of
the exchange of an electron between the two particles, as pro-
posed first by Heisenberg.?® If the frequency of the exchange
is w, then the energy due to the exchange is Aw, where 4 is the
Planck constant. The variation in the exchange energy with
‘distance corresponds to an attractive force, decreasing rapidly
with increasing distance. Such forces are called ‘“‘exchange”
forces.

Calculations have been made of the scattering to be expected
for very high energy neutrons on the basis of these more com-

2 W, Heisenberg, Zeits. f. Phys., 80, 587 (1933).
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plicated interactions.* An asymmetry consisting of an in-
crease of as much as 609, in the number of particles scattered
in the forward direction was predicted. Preliminary experi-
ments % with neutrons up to 14 Mev failed to reveal any sen-
sible deviation from classical symmetrical scattering.

In the center-of-mass system, the intensity of the scattered
particles /, at the angle 6 is calculated to be of the form:

I, = ¢(1 — 0.18 cos 6 + 0.45 cos? ) (7.20)

It should follow from this that the ratio of the intensity at
180° (Z,) to the intensity at 90° (Z,,5) is 1.63:1. Some other
theoretical developments have indicated ?¢ that this ratio might
be as large as 5:1. Experimentally, Amaldi and associates 2
have found for this ratio, values lying between 0.52 and 0.71.
It is clear that certain anomalies are still unresolved in this
field.

The total cross section for the scattering of 14 Mev neutrons
was calculated as 0.66 X 1072* cm?. This quantity has been
measured 2 for neutrons up to 25 Mev in both hydrogen and
carbon. At low energies the cross section is greater for hydro-
gen, whereas at 25 Mev the values are, respectively, 1.30 and
0.40 X 107%* cm? for carbon and hydrogen.

7.8. The Magnetic Moment of the Neutron and Anomalous
Scattering. Like all fundamental particles as previously
noted, the neutron has a spin and a consequent magnetic mo-
ment. It was calculated that because of this magnetic mo-
ment the scattering of neutrons from the two kinds of molecu-
lar hydrogen known to exist, would be quite different.?? In
orthohydrogen the spins of the two nuclei are in the same sense,

% C. Moller and L. Rosenfeld, Dansk. Math. Fys. Medd., 17, 8 (1940); W. Rarita and
J. Schwinger, Phys. Rev., 59, 552 (1941).

% H. Tatel, Phys. Rev., 61, 540 (1942).

2 L. Hulthén, Phiys. Rev., 63, 383 (1943).

# E. Amaldi, D. Bocciarelli, B. Ferretti, and G. Trabacchi, Naturwiss., 30, 582
(lz;%z;lant and Ramsay, Phys. Rev., 57, 1075 (1940); R. Sherr, Phys. Rev., 61, 734
(1942); F. Champion and C. Powell, Proc. Roy. Soc., 183, 64 (1944); W. Sleator, Phys.

Rev., 69, 681 (1946).
» J, Schwinger and E. Teller, PAys. Rev., 51, 775 (1937); 52, 286 (1937).
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while in parahydrogen the spins of the two hydrogen nuclei
are opposite. Alvarez and Pitzer found that for 20° K. neu-
trons, orthohydrogen gave about nineteen times the scattering
observed for parahydrogen.® The hydrogen was in each case
at 20.4° K.

The scattering of thermal neutrons in iron should be influ-
enced by the state of magnetic saturation existing in the iron,
because of the interaction between the magnetic moment of
the neutron with that of the atoms in the substance. Calcu-
lations have been made of the magnitude of the effect to be
expected.” It has been found experimentally that a change
in transmission of about 8%, takes place as the state of magnet-
ization of the iron, changes from zero to 97%, saturation.®

It has also been predicted that the scattering of neutrons in
matter depends upon the temperature of the scatterer.®®* Cal-
culations indicate that an increase in temperature from 0° C.
to 750° C. should cause a decrease in the scattered radiation by
about 7%,.

7.9. The Reflection of Neutrons. Two types of reflection
have been observed in experiments with the strong neutron
beams obtained with piles. Neutrons may be reflected by
crystalline materials according to the Bragg law for the de Brog-
lie wave-length characteristic of their energy. They may also
be totally reflected by highly polished surfaces of selected ma-
terials at angles smaller than their critical angle.

It was observed that thermal neutrons on being filtered
through a block of graphite 23 cm thick, behaved quite differ-
ently than they did initially.# Their absorption in boron
indicated that their energy corresponded to that of neutrons at
a temperature of only about 18° K. The de Broglie wave-
length for this energy is about 7.15 Angstroms. The longest

® ], Alvarez and K. Pitzer, Phy;. Rev., 55, 596 (1939); 58, 1003 (1940).

3 Q. Halpern and T. Holstein, Phys. Rev., 59, 960 (1941).

2 F, Block, M. Hamermesh, and H. Staub, Phys. Rev., 64, 47 (1943).

# R, Weinstock, Phys. Rev., 65, 1 (1944).
# H. Anderson, E. Fermi, and L. Marshall, Pkys. Rev., 70, 102 (1946).
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wave-length regularly reflectible by a graphite crystal is limited
by the grating constant to 6.69 Angstroms. It might there-
fore be expected that of the initial spread of wave-lengths
starting out through the graphite, those higher energy neutrons
whose wave-lengths are within the Bragg reflecting limit will
be scattered out of the forward-proceeding beam, leaving in
the end only those low energy neutrons of longer wave-lengths.

With the well-collimated beams of neutrons, spectrometers
quite like those used in X-ray spectroscopy have been success-
fully employed.® Crystals of calcite and lithium fluoride are
satisfactory. The intense reflected beam is thus an ideal
monoenergetic group of particles and may be used for studying
resonances or allied problems.

The fact that neutrons are scattered by atoms leads to specu-
lation regarding the index of refraction (u) of various materials
for a neutron beam. Experiments on the form factors ob-
tained by the regular reflection of neutrons from various crys-
tal planes indicated that (u — 1) was of the order of 107%, and
that it might be positive in sign for some elements and for other
elements negative in sign.

Those elements for which (u — 1) is negative should exhibit
a regular reflection within the critical angle. This is similar to
the well-known corresponding phenomenon with X-rays. With
mirrors of graphite, aluminum, beryllium, copper, zinc, nickel,
and iron, intense regularly reflected béams were observed at
glancing angles up to 10 minutes of arc. Manganese appears
to behave differently, in that its index of refraction for neutrons
is greater than unity.

7.10. The Physiological Effect of Neutrons and Dosage.
It is well known that a sufficient dosage of any ionizing radia-
tion will kill living tissue. ~Since neutral radiations like gamma
rays and neutrons give rise to energetic charged particles they
may be equally effective in destroying living cells. The use of
this radiation in medicine is discussed later.

% E, Fermi and W. Zinn, Pkys. Rev., 70, 103 (1946).
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The intensity of neutron radiation may be measured by the
same technique and instrument, such as the Victoreen meter,
used in evaluating the intensity of gamma radiation or X-rays.
The indication of the instrument on a scale calibrated in roent-
gen units, is expressed as the same number of “n”’ units when
neutron radiation is being measured. In biological processes
one “n” unit is equivalent in effect to from 2 to 10 “r” units
of X-rays depending upon the specimen.

Because of the lethal effect of neutron radiation on tissue,
care must be observed by workers exposed to it. The effect
of radiation applied successively at short intervals is cumula-
tive. To insure the health of operators subjected to continued
exposure of X-rays, a safe tolerance dosage has been recognized.
For gamma rays and X-rays 3 “r” units or less per month are
regarded as not harmful. For neutrons, whose long-range
effect is still not known, a more conservative figure of 0.3 “n”
per month is recommended as a maximum exposure.

QUESTIONS AND PROBLEMS

1. A neutron has an energy of 5 electron volts. What is its effective

velocity? With what temperature would you associate it?
Answer: 3.09 X 10° cm/sec, 38,600° K.

2. Lithium is bombarded by 10 Mev deuterons and neutrons are
observed leaving the lithium at right angles to the direction of bom-
bardment. By writing expressions for the conservation of momentum
and energy determine the energy of one of the neutrons observed.
Calculate the energy and the angle of recoil of the associated beryl-
lium 8 nucleus.

Answer: Wy = ~5 Mev, 0 = ~45°,

3. If the intensity of a beam of neutrons is reduced to half-value
by a thickness of 5 cm of water, express the absorption coefficient.
Calculate the effective cross section in cm? for the process, dealing only
with the hydrogen.

Answer: u = 0.1386 cm™, ¢ = 1.5 X 1072% cm?.
4. If the intensity of a neutron beam 50 cms from its source is 10

€€_ 9

n”’ units per minute, what thickness of water would safely shield an
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operator working 40 hours per week? The operator is 10 meters from
the source. What would be the effect of scattering around the wall?
Answer: For 0.01 “n” per day, thickness = ~45 cm.

5. What is the product formed in the water tanks shielding a cyclo-
tron as a result of neutron absorption? Describe the gamma rays
produced by a 5 Mev neutron on absorption in a single step.

Answer: W = 7.17 Mev.

6. Assuming that 1 out of every 10° alpha particles from radon will

produce a disintegration in the surrounding beryllium, how many neu-

trons are emitted per second from a mixture of 100 millicuries of radon
and beryllium?

Answer: 3.71 X 10* neutrons/sec.



CHAPTER 8

PROTONS, DEUTERONS, AND SOME OTHER
PARTICLES

8.1. The Proton. The first measurements made on protons
were carried out by W. Wien ! and later by J. J. Thomson 2 in
his investigation of the specific charge of the particles compris-
ing the “canal” rays in a discharge tube. The particles were
found to be positively charged and if the charge was assumed
to be that of the electron, then the mass was shown to be that
of the hydrogen atom or the hydrogen molecule.

The proton is the positive nucleus of a hydrogen atom. It
can be produced by ionizing atomic or molecular hydrogen by
electron impact. In the Bohr theory of the atom it was as-
sumed that the nuclei of all heavy atoms were made up of com-
binations of protons and electrons. With the discovery of the
neutron as a particle emitted by the nucleus, it became more
rational to regard all nuclei as built of protons and neutrons.
The number of neutrons that will combine with a definite num-
ber of protons is seldom unique. For each such combination
a particular isotope of the element results.

Protons were first observed as particles emitted in disinte-
gration, by Rutherford in 19192 Nitrogen gas, on exposure
to alpha particles from radium, was found to emit protons in
all directions. These particles were identified by the scintilla-
tions they produced on a zinc sulphide screen in an apparatus
shown in Figure 3.1.

L'W. Wien, Wied. Annal., 65, 440 (1898).
1. J. Thomson, Piil. Mag., 13, 561 ?907).

Rutherford, Phil. Mag., 37, 537 (1919).
192
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8.2. Transmutation by Protons. After the discovery by
Rutherford that energetic alpha particles would induce atomic
transmutation, numerous attempts were made to accomplish
the same end by the controlled acceleration of other particles.
As previously mentioned, it might have been expected that
such reactions would proceed even in the light elements, only
if the incident particles had an energy of several million elec-
tron volts. From simple electrostatics the potential due to a
charge (Q), at a distance (r), is Q/r and the work required to
transport any charge (¢) through a potential difference, (¥, —
V1) is (¥ — V1)e. Hence to bring a charge (¢) from infinity
up to a distance (r) from the nuclear charge (Z¢) beyond which
point it will be carried forward by attractive forces, is Ze2/r
ergs. By knowing the potential for one or more elements by
alpha particle bombardment it becomes possible to deduce the
distance (r) as a function of the atomic weight (). This was
expressed as

r=1.4X10"13 X V.{cm 8.1)

Hence for a proton able to penetrate the barrier of lithium 7
the energy /7 would be expected to be

Ze? _3X (4.8)2 X 1072°
14X 1078 X V7

For any other element the threshold energy is

7 = 1252 Mev (8.3)

However, it had been shown from the standpoint of quantum
mechanics that a certain probability existed for the penetration
of the nuclear barrier by particles with much less energy.
The first successful transmutation induced by energetic pro-
tons was accomplished by Cockcroft and Walton in 1931.
Protons were accelerated by a potential of only 280 KV and

¢R. V‘(/ Gu;'ney and E. Condon, Nature, 122, 439 (1928); G. Gamow, Zeits. f. Phys.,
51, 204 (1928).
8 J. D. Cockeroft and E. Walton, Proc. Roy. Soc., 129, 477 (1931); 136, 619 (1932).

=

ergs = 2.6 Mev. (8.2)
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were allowed to impinge on lithium as a target. It was found
that alpha particles with a range in air of 8.4 cms were emitted
from the lithium during the bombardment. This represents
an energy of about 8.5 Mev. An improvement in the acceler-
ating equipment soon allowed the production of protons with
an energy of 800 Kev. The yield of disintegrations at this
energy was many times that at the lower potential. This re-
action can be represented by the equation

lHl + 3Li7 - 2:['164 + 2HC4 + Q (17.3 MCV) (8.4)

The difference in mass on the two sides of the equation is
0.01859 mass units. This mass deficiency means that an en-
ergy of 17.3 Mev was set free by the insignificant amount of
energy of the incident proton. Even though the energy set
free at each disintegration is one thousand times that of the
particle initiating the reaction, the probability of the transmu-
tation is so small that no total gain in the release of energy can
be anticipated.

As the energy of the incident proton increases, the number of
disintegrations per incident particle increases. For a thin tar-
get the yield approaches a limiting value as the incident energy
approaches in value the height of the nuclear potential barrier
characteristic of the bombarded element.

Had Cockcroft and Walton used a slightly larger voltage and
examined their lithium target after bombardment they might
have been the first to observe induced radioactivity. The
bombarded lithium is now known to be radioactive with a half-
life of 43 days. This follows from the fact that in the excited
beryllium 8, a competitive disintegration process occurs in
which a neutron is ejected. The residual atom is a radioactive
isotope of beryllium of mass 7, following the equation

1:['11 + 3Li7 ad 4Be7 + 0711 + Q (—1.6 MCV) (8-5)

Many subsequent studies have been made in which trans-
mutations have been induced in elements by protons. Typi-
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cal of these is the rather complete investigation carried ¢ out
at the University of Rochester on elements in the periodic table
up to tungsten, whose atomic number is 74. This has been
accomplished with a proton beam of 6 Mev. Figure 8.1 shows
a typical excitation curve as the energy of the incident particles
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Fic. 8.1, Variation in radiocactive yield with the energy of the incident particles.

is varied. A “threshold” energy of abeut 2.5 Mev is apparent,
below which the reaction will not proceed. At about 9 Mev
a saturation yield is attained.

With the better control of voltage offered by Van de Graaf
generators these threshold potentials can be determined with
greater accuracy. Typical of such measurements are 7 the fol-
lowing results: 1.86 Mev for the reaction 3;Li’(p, #),Be?, and
3.20 Mev for the reaction ¢C'3(p, n);N*3,

S L. DuBridge, S. Barnes, J. Buck, and C. Strain, Phys. Rev., 53, 447 (1938); L. Du-
Bridge and J. Marshall, Phys. Rev., 58, 7 (1940).
7R. O. Haxby, W. Shoupp, W. Stephens, and W. Wells, Phys. Rev., 57, 348 (1940).
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8.3. The Deuteron. The atomic weight of hydrogen as
found by Aston with the mass spectrograph differed slightly
from that deduced on the basis of its chemical activity.® Birge
and Menzel ? proposed that the difference could be accounted
for by assuming the presence of a trace of hydrogen of mass 2,
present to the extent of about 1 part in 4500.

The first success in concentrating and identifying the heavy
isotope of hydrogen was attained by Urey, Brickwedde, and
Murphy in 1932.2 They evaporated large quantities of liquid
hydrogen at its triple point temperature and collected the last
fraction. On a spectroscopic examination, they found certain
lines not agreeing with those of any molecule reported in the
literature. These lines did, however, occur in positions pre-
dicted for the spectrum of hydrogen 2. This has been taken as
evidence of discovery and the heavy hydrogen isotope was
termed deuterium.

The deuterium isotope was positively identified by W. Bleak-
ney by the use of the mass spectrograph.!! The percentage
difference in the atomic weights of the two hydrogen isotopes
is so appreciable that their separation by physical methods is
a relatively easy matter. It is rendered difficult by the fact
that deuterium is normally present only to about 0.018%, in
ordinary hydrogen. In diffusion, distillation, or electrolysis
the lighter component is more active. Consequently, these
processes result in a progressive enrichment of the heavier iso-
tope in the residuum. In general in these processes the action
proceeds at a rate proportional to the velocity of the particles
and hence inversely as the square roots of their masses, since
on the average. their kinetic energies are the same. Hydrogen
consisting of 99.99, deuterium may be readily obtained and
has been produced in large quantities in areas of cheap energy.
Heavy water is valued at about $0.50 per gram.

8 F. W. Aston, Isotopes, Arnold, London (1924).

9 R. T. Birge and D. Menzel, Pkys. Rev., 37, 1669 (1931).

1 H, Urey, F. Brickwedde, and G. Murphy, Phys. Rev., 39, 164 (1932).
' W. Bleakney, PAys. Rev., 39, 536 (1932).
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The ionized deuterium atom has been variously termed, dip-
lon, deuton, and deuteron. The last-mentioned name is now
quite generally accepted. Deuterons have been found to be
of utmost importance when serving as the charged particles in
high energy accelerators.

8.4. Transmutation by Deuterons. The deuteron proved at
once to be an effective projectile for producing nuclear disinte-
gration. It might have been expected that because of the high
energy of the nuclear barriers in all but the very light elements,
that transmutations could not be induced by deuterons with
energies less than several million electron volts. This was
found not to be the case. Two factors contribute to the ex-
planation of this result. As mentioned previously, by wave-
mechanics a certain probability exists that the approaching
charged particle will filter through the nuclear barrier even
though the energy of the barrier is much greater than that of
the particle.

A second possibility to explain an induced nuclear reaction
by a low energy deuteron was proposed by Oppenheimer and
Phillips.’? It was considered that the deuteron in approaching
close to a nucleus in the target might break up into a neutron
and a proton provided its kinetic energy was greater than its
own binding energy. The neutron, because of its lack of
charge, could proceed into the nucleus, but the proton, by
virtue of its positive charge, would be repelled or scattered
away. The entering neutron could then incite any of the
characteristic neutron reactions. Many different types of
transmutation can be attributed to the deuteron bombardment,
based upon the nature of the particle that escapes from the
excited nucleus.

a. The Deuteron-Neutron Reaction. One of the reactions first
studied was the bombardment of ice, made from heavy water,
by deuteron projectiles.® For incident deuterons of very low

1 {V.IR. Oppenheimer and M. Phillips, PAys. Rev., 48, 500 (1935).
1 M. L. Oliphant, P. Harteck, and E. Rutherford, Proc. Roy. Soc., 144, 692 (1934)
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energy a reaction occurred in which neutrons were copiously
emitted. At 100 KV it was estimated that one in every 10°
incident deuterons produced a disintegration. The reaction
can be represented as

1H2 + le b d 2I'IC3 + onl + Q (3.16 MCV) (8.6)

The mass on the left is greater by 0.0034 mass units than
that on the right, so that an energy Q (3.16 Mev), in addition
to that of the incident particle, will be carried off by the dis-
integration products.

Another reaction which is now the most common source of
neutrons for biological work follows from the bombardment of
beryllium with deuterons. The equation for the reaction is

4B€9_+ 1H2 b d 5B10 + 0711 + Q (8.7)

The mass disappearing in the reaction is 0.00432 mass units
so that Q is an energy of 4.022 Mev. Neutrons in the forward
direction therefore carry an energy slightly less than Q, plus
the energy of the incident deuteron.

As a source of neutrons of very high energy it has been found
practicable to bombard lithium with high energy deuterons.
The equation for the reaction is

3Li7 + 1H2 b 4Be8 + 0711 -+ Q (8.8)

In this case the loss in mass is 0.01632 mass units which rep-
resents a value for Q of 15.18 Mev. In the forward direction
of the incident beam, therefore, very high energy neutrons are
projected, so that for 10 Mev deuterons the energy of the neu-
trons may be as great as 25 Mev.

b. The Deuteron-Proton Reaction. Other competing proc-
esses exist in excited nuclei resulting from the entrance of the
deuteron. If the energy is sufficient a proton may be ejected.
It might be expected that this would have a low probability
compared to that for the escape of a neutron, since the nuclear
barrier which made it difficult for the charged particle to enter
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the nucleus would to the same degree offer resistance to its de-
parture. This is often found not to be the case. For certain
elements the relative probability for the two competing proc-
esses can be determined.

Figure 8.2 shows the possibility for such a study with bis-
muth. This element has a single natural isotope of mass 209
and atomic number 83. The deuteron-neutron reaction results
in the production of polonium 210, called radium F, while the
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Fic. 8.2. Isotopes, stable and radioactive, for the elements near bismuth.

deuteron-proton process yields bismuth 210, called radium E.
Radium E has a half-life of 5.0 days, emitting a beta parti-
cle and becoming radium F. Radium F, however, emits only
alpha particles and has a half-life of 140 days. By recording
the intensity of alpha emission immediately after bombard-
ment, the yield of radium F is established. Then by noting
the increase in alpha activity on successive days, as shown in
Figure 8.3, the initial yield of radium E can be calculated.
These relative yields for identical targets bombarded with
the same number of deuterons but with varying energy are
shown in Figure 8.4. It is clear that at low energies the (4, p)
reaction is much more probable than the (d, #) process, and at
9 Mev it is still five times as likely to occur. This apparent

4 J. M. Cork, J. Halpern, and H. Tatel, Phys. Rer., 57, 371 (1940).
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anomaly is not unexpected when the Oppenheimer-Phillips
process (page 197) is considered. The greater apparent yield
for the (d, p) process follows because the deuteron decomposes
into a neutron and a proton outside of the nucleus. The pro-
ton is scattered and therefore does not really come from within
the nucleus but only appears to. The neutron proceeds on in-
to the nucleus and incites any of the characteristic neutron re-
actions, the most common of which is neutron capture.

If the deuteron had entered the nucleus in every case then
the ratio of activities might have been expected to be different
than that shown in Figure 8.4. Instead the greater yield would
have been expected for the (d, #) reaction. This phenomenon
has recently been observed for a bombarding energy up to 14.5
Mev, at which value the O-P process should not be significant.
Peculiarly enough the ratio for the (d, p) to (d, n) processes
seems to remain at a value of about 5, for energies from 9 to
14.5 Mev.

¢. The Deuteron-Alpha Reaction. There is conclusive evi-
dence that nuclei bombarded by deuterons may, at impact,
sometimes emit alpha particles. This fact can be established
both by observing in a cloud chamber the particles ejected
during the exposure and by studying and identifying the radio-
active isotopes resulting from the bombardment. In certain
elements it is possible to quantitatively follow this process and
compare its probability with that of the reaction in which a
neutron escapes from the excited nucleus.

By bombarding pure iron with deuterons, a radioactive iso-
tope of cobalt whose half-life is 18.2 hours, and a radioactive
isotope of manganese whose half-life is 21 minutes are formed.
Both radioactive elements emit positrons and they are believed
to be derived from the same isotope of iron, of mass 54. The
former would be produced by a deuteron-neutron reaction and
the latter by a deuteron-alpha process as shown in Figure 8.5.
This, then, offers an opportunity to observe the relative proba-
bility for the two reactions.
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Each foil is then studied individually so as to yield the initial
intensities of the 21-minute and 18-hour radioactivities. These
quantities for each foil are plotted together with the average

% J, M. Cork and J. Halpern, Pkys. Rev., 57, 667 (1940).
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energy of the deuterons in that layer, yielding curves as shown
in Figure 8.6. The yield from the deuteron-neutron reaction
seems to approach a maximum for deuterons of energy about
7.5 Mev and then to show a very slight decrease at higher en-
ergies. The yield of the deuteron-alpha reaction increases pro-
gressively with increasing deuteron energy. In both cases the
deuteron as a whole has entered the nucleus through the poten-
tial barrier. The Oppenheimer-Phillips splitting of the deu-
teron in the external field plays no role, since the reactions
considered could not be initiated by a single neutron entering
the nucleus.

The decrease in the (4, #) yield at very high potentials might
be expected if, with increasing energy, the probability of the
competing (4, ) process becomes greater and the total number
of excited atoms remains the same. At 9 Mev the emission of
a neutron appears to be about four times as probable as the
emission of an alpha particle from this particular isotope.

Except for elements of atomic number greater than lead, no
induced radioactive bodies have been formed that exhibit alpha
emission after the bombardment ceases.

8.5. The Production of X-Rays by Deuteron Bombardment.
The possibility of producing X-rays by the bombardment of
targets with heavy particles was demonstrated * as early as
1913 by Chadwick and by Rutherford and Richardson. Later
experiments employing protons 7 at energies up to 1.76 Mev
and deuterons with energies up to 10 Mev have been carried
out.!®

If it be assumed that the deuteron collides elastically with
the electron then the energy communicated to the electron is
classically only 4m/M times the energy of the deuteron, where
m and M are the masses of electron and deuteron respectively.
Hence, deuterons of energy 10 Mev could give to an electron

16 J. Chadwick, Pkil. Mag., 25, 193 (1913); E. Rutherford and H. Richardson, P4sl
Mag,, 25, 722 (1313),

¥M. Livingston, F. Genevese, and E. Konopinski, Phys. Rev., 51, 835 (1937).

® J. M. Cork, Phys. Rev., 59, 957 (1941).
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an energy of only 10.9 Kev. This potential would be sufficient
to excite the “K” series in elements only up to about atomic
number 30. In practice for 10 Mev deuterons “K” radiation
has been observed for elements up through atomic number 38.
This ability of the heavy particle to communicate more energy
to the electron than simple theory would predict has been
theoretically explained by Henneberg.!?

8.6. The Scattering of Protons in Hydrogen. The nature of
the forces acting between fundamental particles can be re-
vealed by observing the scattering of these particles by the
same or other nuclei. It is important to note the intensity of
the scattering at various angles as the energy of the incident
particles is given increasingly large values.

Certain early experiments in which protons were projected
against hydrogen gas showed that at an angle of 45° and for
incident energies of 600 Kev or higher, the scattering was much
greater than would have been expected if only coulomb forces
acted between the particles.

Calculations of the scattering to be expected by directing
protons against protons (hydrogen) were made by Mott and
Massey, utilizing wave-mechanics.” In this development they
recognized the spin and the identity of the particles in the col-
lision. This formula was soon subjected to experimental
verification in several laboratories. White?' concluded that
Mott’s formula was valid for energies less than 600 Kev. At
higher energies and for scattering angles greater than 20° many
more particles were scattered than predicted. Tuve, Hafstad,
and Heydenburg counting many more particles found the scat-
tering at different angles as shown in Figure 8.7 for energies
600, 700, 800, and 900 Kev.? At 45° the 900 Kev protons
were scattered about four times as abundantly as expected.

9'W. Henneberg, Zeits. f. Phys., 86, 592 (1933).

2N, Mott and H. Massey, Theory of Atomic Collisions, Oxford Press (1933).

2 M. G. White, Phys. Rev., 39, 309 (1936).

(1;’316\/)1. Tuve, N. Heydenburg, and L. Hafstad, Phys. Rev., 49, 402 (1936); 50, 806
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This phenomenon was interpreted as indicating an approach of
the interacting particles less than 5 X 1072 cm and the action
of other than coulomb forces. The discrepancy was recon-
ciled by a wave-mechanical treatment of the process, by Breit,
Condon, and Present.?® The presence of an attractive nuclear
force between the protons at very close contact was indicated.
It was predicted that because of the interference between the
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Fic. 8.7. The scattering of protons of various energies by hydrogen (Tuve).

repulsive coulomb scattering and the attractive effect, at an
angle of 45° a minimum scattering should be expected for par-
ticles whose energy was about 400 Kev.

Careful observations have been made to substantiate 2. 2. 2
the existence of this minimum as well as the scattering to be
expected for more energetic particles, as predicted by an ex-
tension of the theoretical treatment.”? The data were used to
check the possible radius and depth of the potential well char-

2 @G, Breit, E. Condon, and R. Present, PAys. Rev., 50, 825 (1936).
( 2‘L). Hafstad, N. Heydenburg, and M. Tuve, Phys. Rev., 53, 239 (1938); 56, 1078
1939).
% R. Herb, D. Kerst, D. Parkinson, and G. Plain, Phys. Rev., 55, 998 (1939).
#G. L. Ragan, W. R. Kanne, and R. F. Taschek, Pkys. Rev., 60, 628 (1941).
# G. Breit, H. Thaxton, and L. Eisenbud, P#vs. Rev., 55, 1018 (1939).
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acteristic of the proton. The experimental results were not in
disagreement with a radius given by ¢?/mc? and a depth of 10.5
Mev, as shown in Figure 8.8. These same dimensions have
been assumed in calculations for the scattering of high energy
particles and the experimental verification carried out with
8 Mev protons.2® At an angle of 45° a cross section of 1.7 X
10725 cm? for the elastic scattering was observed. This agreed
closely with the calculated value.
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Fic. 8.8. Proton scattering at 45° compared with the calculated distribution.

8.7. Inelastic Scattering of Protons. When protons ap-
proach very close to other nuclei, in the scattering process, they
may transfer some of their energy to the struck nuclei. The
proton with its reduced energy is scattered but the bombarded
nucleus is left in an excited energy state. This process was
first reported by Wilkins in bombarding lithium and mag-
nesium in photographic emulsions.? The scattering has been
observed directly with a proportional counter, by Dicke and
Marshall, using Cr, Al, and Mg as scattering agents.® A

B E, Creutz and R. Wilson, Pkys. Rev., 61, 388 (1942).

2T, R. Wilkins, G. Kuerti, and G. Wrenshall, Phys. Rev., 57, 1082 (1940); 60, 365
(1941); 63, 56 (1943).

# R, Dicke and J. Marshall, PAys. Rev., 63, 86 (1943).
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typical scattering curve showing the number of particles scat-
tered in various energy groups at the fixed angle of 135°, for
incident protons of 6.9 Mev on aluriiinum is presented in Figure
8.9.

The elastically scattered protons have an energy of 6.08 Mev
as shown in Figure 8.94, but the inelastic collisions lead to
certain groups of particles of lower energy at the same angle,
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F1c. 8.9. Elastic and inelastic scattering of 6.9 Mev protons from aluminum at an
angle of 135° (Dicke and Marshall).

as shown by the definite peaks in Figure 8.9B. The energy
represented by these peaks, namely 5.26, 4.18, 3.55, and 2.82
Mev, is what remains after the nuclei have taken out their re-
spective characteristic energies, to become excited. These ex-
citation energies, characteristic of aluminum, are accordingly
0.87, 2.03, 2.70, and 3.5 Mev. Similar characteristic excita-
tion energies were observed for many other substances.

It has been pointed out that charged particles are scattered
elastically (Rutherford) mainly in the forward direction, while
inelastically scattered particles tend to a symmetrical angular
distribution. This indicates that the proton enters the barrier
forming a compound nucleus and is then re-emitted with
spherical symmetry.
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In case the incident particle is a deuteron, it has been shown
by Guth that it may be polarized by the nuclear field.®* In
this way the neutron may come close enough to the struck nu-
cleus to transfer energy from the deuteron, producing an ex-
cited state, yet the deuteron as a whole will be scattered. This
process called “polarization scattering” has been reported by
Wiedenbeck for the excitation of indium 115 by 1.7 Mev deu-
terons. 32

8.8. The Range of Protons and Deuterons. Except for the
straggling introduced by statistical fluctuations, the range of
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Fic. 8.10. Range-energy relationships for protons, deuterons, and alpha particles.

a collection of mono-energetic protons in passing through nor-
mal air is unique. This variation in range as the energy of
the protons is varied is shown graphically in Figure 8.10. A
beam of deuterons will behave similarly except that their range

8 E, Guth, Phys. Rev., 68, 280 (1945).
# M. L. Wiedenbeck, Phys. Rev., 69, 47 (1946).
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for the same energy is much less than that of the proton. The
range-energy relationship for deuterons up to 12 Mev is in-
cluded in Figure 8.10, as well as the range of alpha particles of
the same energy.

The range-energy relationship for charged particles is not
simple. For low ranges it may be empirically expressed. Ac-
cording to the Geiger rule the range R of a charged particle of
a particular kind varies as the cube of the velocity v. Since
the energy w involves the square of the velocity, then it follows
that

R o v® o« W% (8.9)
The energy loss per cm of path d#/dR can be found since
dR — aw 1
LW o W «<v or E o -t-) (8.10)

The specific ionization along the path of the singly charged
proton or deuteron thus depends upon the reciprocal of the
velocity. This indicates that the longer the particle takes to
pass an atom the greater is its probability of producing ioniza-
tion. At the same energy the velocity of a proton is /2
times that of the deuteron, and hence it produces only 0.70
times as many lons per cm.

It can be noted from the data shown in Figure 8.10 that over
quite a range the following relationship holds, namely, “the
range of a proton, whose energy is half that of a deuteron, is
half the range of the deuteron.”

8.9. Particles of Mass Three. Alvarez has shown that an
isotope of helium of mass 3 occurs in nature.® Its abundance
in ordinary helium is estimated at about one particle in 108,
In helium derived from oil wells it is about 10 times as abun-
dant, or one in every 107 particles.

Hydrogen of mass 3, sometimes called “tritium,” does not
exist in nature. It can be produced in such nuclear reac-

81, Alvarez and R. Cornog, Phys. Rev., 58, 197 (1940).
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tions ¥ 3 ag

Be(H?, n)H3, Be’” or ;B'°(n, H%)2,He?,
or
7N15(n’ H3)6C13

It has been estimated that for high energy neutrons on boron
or nitrogen the cross section for the production of H3 is about
10~2¢ cm?. The half-life appears to be about 31 years with
the emission of 15 Kev electrons.

8.10. The Meson and Its Discovery. In 1935, H. Yukawa
presented a theoretical discussion of the short-range forces act-
ing between a neutron and a proton in the nucleus.’® In ac-
counting for beta disintegration he was led to a prediction of
the existence of quanta or particles whose mass should be about
one-tenth that of the proton.

In observing the number of droplets per unit length in the
photographed track of an ionizing particle in a Wilson cloud
chamber it is possible to deduce the number of ion-pairs formed
by the particle. From this it is possible to guess at the nature
of the particle if its energy is known and not too great. An
electron whose energy is 80 Kev will in normal air produce
about 200 ion-pairs per centimeter. If its energy is greater
than 1.3 Mev its specific ionization is only about 25 ion-pairs
per centimeter. At very high energies its velocity approaches
a constant and hence its lonization per centimeter remains un-
changed. Thus exceedingly energetic particles of the same
charge cannot be distinguished by their ionization.

In 1936, Anderson and Neddermyer observed among their
many cloud chamber photographs of cosmic radiation, several
tracks of particles whose penetration was much greater than
it should have been, as indicated by their radii of curvature,
if they were electrons.” In order to determine more definitely

#R. O'Neal and M. Goldhaber, Pkys. Rev., 58, 574 (1940).

% R. Cornog and W. Libby, PAys. Rev., 59, 1046 (1941).

¥ H. Yukawa, Proc. Phys. Math. Soc. Japan, 17, 48 (1935).

# C. D. Anderson and S. Neddermyer, Phys. Rev., 50, 363 (1936).
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the nature of such particles it was considered desirable to ob-
serve them at the end of their range when they have lost most
of their energy. Street and Stevenson, accordingly, arranged
a system of four vertical coincidence Geiger tubes with a Wil-
son cloud chamber placed between the lower two.® The cir-
cuit was arranged so that heavy particles that penetrated all
tubes gave no response, but any particle actuating the first 3
tubes, and not the fourth, set the cloud chamber in action. In
this way they obtained a photograph of a negatively charged
particle whose mass, as determined by its specific ionization
and curvature in a strong magnetic field, was about 200 times
the mass of the electron.

Although such tracks are not abundant, several subsequent
investigations have 3. #. 4 shown their existence. The heavy
particles appear to be either negatively or positively charged
and some reports have been made of similar particles, neutral
in character.#? They have been variously called “yukons,”
“mesotrons” and “mesons.” The last-mentioned name seems
now to be preferred.

The intrinsic energy of a particle whose mass is 200 times
that of the electron would be about 100 Mev. In the same
manner that gamma rays of energy greater than 1.1 Mev can
give rise to electron pairs, so radiation of 100 Mev might trans-
form into a meson. Evidence of this nature has been
presented by Schein, Klaiber, and Hartzler in their work
with the 100 Mev betatron at the General Electric Laboratory.#
However it now seems that this evidence is not conclusive and
that higher energies will be needed.

38 J, Street and E. Stevenson, Phys. Rev., 52, 1003 (1937).

® A, Ruhlig and H. R. Crane, Phys. Reuv., 53, 266 (1938).

4 E. Williams and E. Pickup, Nature, 141, 685 (1938).

4 D, Corson and R. Brode, Phys. Rev., 53, 215 (1938).

4 G. Groetzinger, P. G. Kruger, and L. Smith, Phys. Rev., 67, 52 (1945).
4 M. Schein, G. Klaiber, and A. Hartzler, Phys. Rev., 69, 248 (1946).
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QUESTIONS AND PROBLEMS

1. A 10 microampere beam of protons at 10 Mev is incident upon
a 1 mil (0.001 inch) foil of aluminum for 2 sec. Assume that neutrons
are emitted isotropically in the disintegration. A neutron counter
20 cm from the target offers an effective area of 5 sq. cm and indi-
cates that 2000 neutrons are received per second. What is the cross
section for the reaction? What is the energy of one of the forward
neutrons? What is the energy of a neutron at right angles to the
deuteron beam?

Answer: ¢ = 209 X 10722 cm?, Wy = 538 Mev, W, =48
Mev.

2. The half-life of the silicon isotope formed in problem 1 is 4.9 sec.,
and it emits positrons of maximum energy 3.64 Mev. How many
curies of activity exist in the target at the end of the bombardment?
How many curies would exist at the end of a bombardment for one
hour?

Answer: 13.9 and 50.8 microcuries.

3. By bombarding a thick target of phosphorus 31 (30.9839) with
10 Mev deuterons, it is found that 35 microampere hours will produce
1 millicurie of radioactive phosphorus. Assuming a threshold of 3
Mev for the reaction, what is the effective cross section for the process?
If the cyclotron beam is 120 microamperes and its operation is valued
at $12.00 per hour, what is a fair value for 10 millicuries of radioactive
phosphorus?

Answer: o = 4.5 X 10728 cm?, cost, $35.00.

4. In problem 3, what is the energy and range in air of the protons
emitted at right angles to the deuteron beam? Compute the range
in the forward direction, if the target were very thin,

Answer: 14.9 Mev.

5. A proton whose energy is 0.200 Mev is elastically scattered in
hydrogen through an angle of 20°. Describe the behavior of the scat-
tering particle.

Answer: 8 = 70°, ¥ = 0.023 Mev.

6. If the average energy per ion-pair is 35 electron volts, how many
ions are produced by a 10 Mev proton? What is the average distance
traveled in normal air between ionizing impacts? Why should a deu-
teron of the same energy produce more ions per cm of path?

Answer: N = 2.8 X 10% / = 0.0004 cm.



CHAPTER 9
COSMIC RADIATION

9.1. Historical. In studying radioactivity by electroscopes
it was noticed that with no_emitting source present, any
charged electroscope “would always e exhibit a residual rate of
dlscharge This phenomenon was first studied by Rutherford
and Cooke_,__ who found that with all radioactive sources care-

fully removed, about 10 ions per cm? per sec_oggf were continu-
ously’ formed in a brass vessel ﬁlled w1th air. By completely
shielding the eIectroscope with many layers of iron and lead
the production of ions was reduced by about 409,. They
therefore concluded that some very penetrating radiation was
arriving continuously from outside, which excited a secondary
activity in the room. It is now known that the cosmic radia-
tion alone produces at sea level only about 1.8 ion-pairs per
cm? per second in air under standard conditions.

In a balloon flight from Zurich in 1909, A. Gockel 2 noted
the rate of discharge of a Wulf electroscope at several different
altitudes up to a height of 4500 meters. The rate of discharge
seemed to vary erratically from about 609, of normal rate up
to three times that value with no general proportionality with
altitude. It was generally assumed at that time that the
penetrating radiation observed by Rutherford really came from
the earth. To test this assumption more carefully, Hess 3 in
1911 made a balloon flight to 1070 meters and later to greater
heights with free balloons. He found no diminution, but

1E. Rutherford and H. L. Cooke, PAys. Rev., 16, 183 (1903).

2 A. Gockel, Phys. Zeits., 11, 280 (1910).

3V. Hess, Akad. Wiss. me 120, 1575 (1911); 122, 1053 (1913); W. Kolhorster
Phys. Zeits., 14, 1153 (1913).
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rather an increase in the penetrating radiation at greater alti-
tudes. He therefore was convinced that the radiation was
coming to the earth from interstellar space.

In 1913, simultaneous observations were made over a period
of several weeks on the penetrating radiation at five different
laboratories widely dispersed throughout Europe. No cen-
cordance appeared in the observed variations of intensity at
the several stations. It was accordingly concluded that the
fluctuations, at least, were not of cosmic origin.

9.2. Nature of Cosmic Rays. From the fact that cosmic
radiation was able to penetrate the entire atmosphere it was
generally taken for granted that it consisted solely of ener-
getic gamma rays. This view was supported by an absorption
experiment conducted by Millikan in 1928.5 In noting the
absorption of the radiation in water, as the thickness of the
water was increased, a complex absorption was observed. On
analyzing the data, absorption coefficients of 0.35, 0.08, 0.04,
and possibly 0.019 per meter of water were thought to well
represent the observed results. By extrapolating the well-
established relationship between X-ray wave-length and ab-
sorption coefficient, Millikan concluded that these observed
coefficients represented the radiation that would be emitted
in the process of the building of the four most common elements
of the universe, namely, helium, oxygen, silicon, and iron, from
hydrogen. The possibility of this interpretation has been
shown to be entirely fortuitous.

More recent studies on the variation of the intensity with
latitude and with altitude as well as the east-west asymmetry
make it seem certain® 7 that the primary cosmic radiation
consists of high energy protons. In the uppermost layers of
the atmosphere the protons may on collision_ convert into a

memorf, C. Dorno, V. Hess, E. v. Schweidlm;:_l—:
1141 (1913).

S R. A. Millikan, Phys. Rev., 32, 533 (1928).

8 W. Heitler and H. Peng, Proc. Roy. Irish Acad., 49, 101 (1943); Phys. Rev., 64, 78
(1943); J. Hamilton and I-? Peng, Proc. Roy. Irish Acad., 49, 197 (1944).
70. Wollan, M. Schein, and W. Jesse, Phys. Rev., 59, 930 (1941).
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neutron and one or _more mesons (mesotrons). The meson has
a mass about 200 times_that of the electron and may | be either
pwy or negatlvely charged. The neutron in turn ‘may
revert to a positron and other mesons. Each meson is short-
hvmﬁose its energy by emitting a neutrino or
posslbly _gamma radiation and become an electron. At a
depth below the top of the atmosphere these numerous second-
ary particles as well as secondary gamma radiation may be ob-
served. In general there seem to be two components to the
radiation. One is a very penetrating or hard component while
another portion is stopped by a few centimeters of lead.

The total atmosphere is equivalent in absorbing power to
about 100 cm of lead or 10 meters of water. It must follow,
then, that the softer radiation is created contmuously at suc-
cessive depths by conversion of the penetrating radiation. The
softer component is undoubtedly electronic in nature while the
penetrating radiation may consist of mesons, neutrons, and
gamma rays. Evidence for the existence of neutrons has been
presented by Korff.# By sending a boron-trifluoride counter
to various altitudes with free balloons it appears that the in-
tensity of neutrons increases with altitude at a rate faster than
the intensity of the general cosmic radiation. The rate of in-
crease is more like that of shower formation, indicating that
neutron production is associated with shower phenomena.

Some protons, usually those of lesser energy, appear on a
single nuclear collision to produce a disintegration in which a
great number of particles are simultaneously ejected. The na-
ture of these particles is not entirely well established. In such
a shower formation by a cascade process thousands of second-
ary electrons and positrons may be derived from a single in-
cident particle.

9.3. The Earth and Atmosphere as a Magnetic Spectrometer;
The East-West Effect. Although the atmosphere extends, at

8S. A. Korff, Rev. Mod. Phys., 11, 211 (1939); S. A. Korff and B. Hamermesh, Piys
Rev., 69, 155 (1946)
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most, but a few hundred miles upward, the magnetic field is
appreciable up to a distance of 10,000 miles. At 400 miles,
the magnetic field intensity is about one-eighth that at the
surface. It is obvious that a charged particle approaching the

earth at its magnetic equator, mov-
+ |+ |+ " ing at right angles to the magnetic
COSMIC field, will experience a force at right
FADIRTION angles to its velocity and hence
may be bent around and away from
the earth. This is illustrated by
,  Figure 9.1, in which the observer is

%, looking geographically north along

\ 2 the magnetic axis of the earth. The
magnetic field outside the earth is
directed into the page and hence
any approaching positively charged
particles will, by the motor rule, be
bent as shown. Since the earth
Fic. 9.1. Showing deflection of in- rotates so as to .Ca:rry an observer
cident positively charged particles toward the east it is apparent that
by the magnetic field of the earth, pogitive particles will be deflected
looking north along the magnetic
axis. so as to approach any observer
more from the west than from the
east. Negatively charged particles would of course act oppo-
sitely.

An analysis of the motion of charged particles approaching
the earth in the field of the magnetic dipole was made by
Stormer.? Figure 9.2 shows the minimum energy that parti-
cles may have and yet reach the earth at various latitudes.
Curve 4 is for particles arriving along the most favorable di-
rection, curve B is for particles arriving at the zenith, and
curve C is for particles along the most difficult direction. Only
those particles can possibly ‘reach sea-level at the magnetic
equator in a vertical direction, that have energies greater than

9 C. Stormer, Terr. Mag. and Atm. Elec., 37, 375 (1932).
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a certain minimum energy of about 17 billion electron volts.
Lemaitre and Vallarta ' showed that for energies greater than
this minimum, access is possible only for particles within a
cone with complicated boundaries.

By using a system of two or more Geiger tubes arranged in
a line and connected in a coincidence circuit so as to record an
impulse only when the same ionizing particle passes all tubes,
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MAGNETIC LATITUDE IN DEGREES
Fi1c. 9.2. The minimum energy of charged particles able to reach the earth.

an effective cosmic ray telescope results. With an arrange-
ment of this sort the intensities of radiation from the east and
from the west at various latitudes and altitudes have been re-
corded. The results as found by Johnson ' at Cerro de Pasco,
Peru, situated on the magnetic equator at an altitude of 4300
meters, are shown in Table 9.1. The observations were made
at angles with the vertical, varying from 15° up to 60°, both
in the east and west directions. The asymmetry is expressed
in percentages.

10 G, Lemaitre, M. Vallarta, and L. Bouckaert, Phys. Rev., 47, 434 (1935).
T, H. Johnson, Phys. Rev., 48, 287 (1935); Rev. Mod. Phys., 10, 194 (1938),
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At sea level in the same latitude the results are not appreci-
ably different. This clearly indicates a preponderance of posi-
tives in the radiation. It has been shown that at intermediate
latitudes the east-west effect does vary with altitude.

TABLE 9.1
Zenith Angle | Counts | Counts | Asymmetry
[/ West East Percent
15 .. . 159,295 | 55,049 [ 8.44+0.4
30 .o 39,601 | 35,418 [ 12.5 + 0.5
45 ... L. .| 11,024 | 9,764 [13.9 +0.8
60 ...... .| 6,760 | 6,028 | 17.4 1.5

9.4. The Latitude Effect. If cosmic radiation consists of
charged particles, then a variation in intensity with latitude
must be expected. Many particles that would otherwise reach
the earth, will be deflected away by the magnetic field. Early
measurements by Clay 2 on voyages between Holland and
Batavia through the Suez Canal indicated a decrease in the
sea-level ionization, due to cosmic radiation, of from 10 to 209
in equatorial latitudes. Other measurements made by Neher
on trips from Pasadena (34°N.) to Mollendo (17°8.) failed
to observe any deviations in the sea-level ionization greater
than the uncertainties in the measurement of from 6 to 7%,.
Later, more accurate measurements revealed a definite diminu-
tion in intensity in equatorial latitudes.* A rather complete
survey of this effect from magnetic latitudes 59° N. to 45° S.,
has been made by A. Compton and co-workers.”s These data
averaged for four trips from Vancouver to Auckland are shown

"{i Clay, Proc. Roy. Acad., Amsterdam, 30, 1115 (1927); Naturwiss., 37, 687 (1932)
BR. A. Millikan and H. V. Neher, Phys. Rev., 43, 661 (1933).

M 1. Bowen, R. A. Millikan, and V. Neher, Phys. Rev., 44, 246 (1933).

¥ A. Compton and R. Turner, Phys. Rev., 52, 799 (1937).
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)

in Figure 9.3. It is apparent that the intensity at the equator
falls to about 909, of that at the terminal latitudes. For lati-
tudes greater than 40° only a slight change occurs. There is
in effect a polar cap including all areas at a latitude greater
than about 45°, in which the intensity is essentially constant.
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Fic. 9.3. The variation in the intensity of cosmic radiation with magnetic latitude.

9.5. The Altitude Effect. The variation in intensity of cos-
mic radiation with altitude is different at different latitudes.
It has been quite fully investigated with small unmanned bal-
loons carrying recording ionization electrometers. A very
rugged, lightweight, tilt- and vibration-free instrument has
been developed by Neher.!* It is made entirely of quartz,
consisting of a crossarm only 30 u thick, supported on a 5 u
stretched fiber, sputtered with gold so as to be conducting. It
is designed so as to give a deflection directly proportional to
the potential. The electrometer is charged periodically, at in-
tervals of four minutes, to a constant potential by a charged
condenser and the rate of decay recorded on a moving film so
that the slope of the discharge curve is a measure of the in-
tensity. The total weight of the instrument, together with the
barometric and thermal recorders, was less than fgur pounds.

18 R. Millikan and V. Neher, PAys. Rev., 50, 15 (1936).
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With groups of ten small balloons in tandem this could be
taken to a height where the pressure is only 0.2 meter of water.
The entire atmosphere is equivalent to 10 meters of water. is
view of the completely assembled instrument with camera A
shown in Figure 9.4, together with a record of a 25-minute
observation.

Fic. 9.4. Lightweight recorder for ionization, pressure and temperature (Neher).

The type of curve obtained ¥ by plotting the cosmic ray in-
tensity as a function of the altitude expressed in terms of meters
of water below the top, is shown in any one of the solid curves
in Figure 9.5. Each curve is taken at a different latitude as
designated. It is apparent that a maximum occurs at, a level
about 0.6 meter of water below the top of the atmosphere.
The positioh of the maximum indicates that the exceedingly

7], Bowen, R. A. Millikan, and V. Neher, P4ys. Rev., 53, 219 (1938).
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energetic primary particles react with the outer layer of the
attenuated atmosphere producing secondaries. This progres-
sively increases the total number of ionizing particles traveling
downward in spite of absorption until an equilibrium state is
reached. From the maximum point downward the intensity
decreases almost exponentially. This was originally inter-
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Fic. 9.5. The intensity of cosmic radiation as a function of altitude at four different
latitudes.

preted as indicating a photonic nature for the particles. Their
interaction with matter 1s so complicated, however, that such
a conclusion is not justified.

On forming the difference of any two of the curves in Figure
9.5 it is possible to note the absorption for those particles hav-
ing an energy lying between the minimum possible energies
able to reach the earth at the two respective latitudes. Thus
for the curves at latitudes 51° N. and 38° N. the correspond-
ing minimum normal energies are 3.5 X 10° and 6.7 X 10°
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electron volts. The difference curve therefore shows the ab-
sorption of particles in this energy band, whose effective value
is about 5 billion electron volts.

Millikan and Cameron * had studied the absorption of the
penetrating radiation in water by lowering an electroscope to
various depths below the surface at Muir Lake (alt. 11,800 ft.)
and at Arrowhead Lake (alt. 5100 ft.). At the same depth,
the ionization in Muir Lake was greater than in Arrowhead by
an amount corresponding to 6 feet of water. This is just the
water equivalent of the 6700 feet of air between the two ele-
vations.

Regener * found traces of radiation at a depth of 220 meters
in Lake Constance, and Wilson ® found at a depth of 1400
meters an intensity 1/20,000 that at the surface. The de-
crease in intensity with thickness of absorber for the ten bil-
lion volt band of particles, as shown by the difference in the
curves at 3° N. and 38° N. in Figure 9.5, indicated a coefficient
of absorption of 0.54 per meter of water.?? This means that
1.28 meters of water reduce the intensity to half its initial
value. A computation of this value based on the Bethe-
Heitler theory has been carried out by many investigators.2
When only pair production by photons and the energy loss of
electrons by radiation is considered, the absorption coefficient
predicted is much greater than that experimentally observed.

9.6. The Longitude Effect. The many observations of the
variation of cosmic ray intensity with latitude, were made on
as many different oceanic voyages. These various paths
crossed the equator at different longitudes and the apparent
equatorial intensities showed a considerable range in values.
This variation is illustrated by Table 9.2, showing the inten-

18 R. Millikan and G. Cameron, PAys. Rev., 28, 851 (1926).

B E, Regener, Phys. Zeits., 34, 306 (1933).

2V, C. Wilson, Phys. Rev., 53, 337 (1938).

1 R, A. Millikan, Cosmic Rays, p. 99, Macmillan (1939).

2 J, Carlson and J. R. Oppenheimer, Pkys. Rev., 51, 220 (1937); H. Bhaba, Proc. Roy.

Soc., 4, 166, 257 (1938); W. Heitler, Proc. Roy. Soc., A, 166, 529 (1938); R. Serber,
Phys. Rev., 54, 317 (1938). ’ e ’ '
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sities observed at sea level for various locations. These data
may be interpreted as an indication that the earth’s magnetic
field even at great heights is not symmetrical but exhibits a
definite geographic lopsidedness.

TABLE 9.2
Position Longitude | Ions/em®/sec Percent
‘| Diminution
Pasadena.. ....... . 117°W 1.75 ..
Equator (Singapore) 105°E 1.53 12
Equator (Center Pac.) 165° W 1.57 10
Equator (Near S. A.) .. 90° E 1.60 8

9.7. Cosmic Ray Showers and Bursts. In the use of ioniza-
tion chambers to observe cosmic ray intensity, it was noticed
that superimposed on the steady ionization current there were
occasionally large pulses much beyond any possible random
fluctuation. This effect was first reported by G. Hoffmann
and F. Lindholm.”? By arranging Geiger-counter tubes in a
horizontal plane and connected so as to actuate a coincidence
circuit, Rossi showed that at times a coincidence would occur
indicating that several high-speed particles were proceeding
downward in almost parallel paths as a group. With the
counter at a high altitude, increasing thicknesses of some heavy
material such as lead were placed above the tubes. Up to
about 2 cms of lead, the number of these coincidence produc-
ing showers increased as shown in Figure 9.6. On further in-
creasing the thickness of lead, the number of showers per sec-
ond fell off rapidly until for about 8 cm an almost saturation
value was reached. For thin layers of various materials above
the counters, it was found that the shower production per atom
varied approximately as the square of the atomic number Z.

2 G, Hoffmann and F. Lindholm, Berl. Beitr., 20, 12 (1928).
% B, Rossi, Zeits. f. Phys., 68, 64 (1931); Phys. Zeits., 33, 304 (1932).
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In order to observe more directly the cosmic ray particles,
especially designed vertical Wilson cloud chambers were de-
vised.® By using a very powerful magnetic field up to 24,000
gauss, Anderson and Neddermeyer 26 were able to estimate the
energies of electrons up to several billion electron volts. These
observations showed that a typical shower was a complicated
phenomenon. Some representative photographs are shown in
Figure 9.7. By putting one or more horizontal layers of metal
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Fi16. 9.6. Increase in shower production by interposing lead above coincidence
counters (Rossi).

inside the chamber it is frequently observed that a single inci-
dent particle will initiate a great number of forward secondary
particles in its passage through one of the plates.”” These
secondary particles may in turn initiate additional showers on
traversing the next metal plate. This phenomenon is shown
in Figure 9.74. The primary shower originates in the upper
wall of the chamber and numerous additional secondaries
arise in the metallic layer. It is estimated that in total the
energy of the numerous particles is greater than 20 billion elec-
tron volts. Sometimes these showers seem to originate in the
metallic plate and no ionizing incident particle is evident.

’P Blackett and G Occhlalxm, Proc. Roy. Soc., 139, 699 (1933).
% C. Anderson and ermcsyer, Phys. Rev., 45 295 (1934); 150, 263 (1936).
o L. Fussell, Phys. Rev 51, 1005 (1937).
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Fie. 9.7. Multiplicative cosmic ray tracks showing showers and burst.
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These may accordingly be regarded as induced by neutrons or
gamma rays arising from a previous encounter of the primary
particle. It therefore appears that many showers take place
as a cascade process.

In some recent investigations coincidences have been ob-
served with counters separated by horizontal distances as
great as 75 meters.® The total energy in some of the most
striking showers yet observed approaches a value of 107
electron volts.

Occasionally an entirely different kind of shower %% is ob-
served in the cloud chamber. This is in the nature of an ex-
plosion in that the particles shoot out in all directions, rather
than being confined to the general direction of the incident
primary. Such “bursts” are rather rare, as evidenced by the
fact that in examining 900 photographs showing showers, only
three bursts were noted. The particles ejected in the burst
appear to ionize more heavily than electrons and they may be
protons or mesons with either positive or negative charges.
Such a phenomenon is shown in Figure 9.7D.

The number of bursts and showers increases substantially
at higher altitudes. Their rate of increase is more rapid than
the rate of increase of the cosmic ray intensity. This has been
interpreted as evidence that the showers are intimately re-
lated with the more easily absorbed component of the cosmic
radiation.

0.8. Diurnal Variation of Cosmic Radiation. By noting
carefully the ionization at any station, successively, with the
lapse of time, it has been well established 3! # that a regular
variation in the intensity of the cosmic radiation occurs through
the hours of the day. The magnitude of the variation is about
0.39, with the maximum occurring at about 1:30 p.m. It has

% P, Auger, R. Maze, P. Ehrenfest, and A. Fréon, Jour. de Phys., 10, 39 (1939).
1., Janosey, Proc. Roy. Soc., 179, 361 (1942).
» W. E. Hazen, Phys. Rev., 64, 257 (1943); 66, 254 (1944).

a4 R, L. Dean, Phys. Rev., 49, 107 (1936).
2 J, L. Thompson, Phys. Rev., 52, 141 (1937).
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been suggested that this change may be due to a systematic
shifting of the earth’s magnetic field. A curve showing the
averaged variation of the intensity with the hours of the day
as observed at a latitude of 20° N. is presented in Figure 9.8.
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F1c. 9.8. Typical variation of cosmic ray intensity throughout the day (Thompson).

9.9. The Meson and Its Half-life. The meson was origi-
nally regarded as a particle whose mass was not unique but
might lie anywhere from about 40 to more than 200 times that
of the electron and whose charge may be either positive or
negative. Its introduction was necessary to reconcile the
heavy ionization observed along the tracks of certain particles
in the cloud chamber with their energy as revealed by their
curvature in the known magnetic field. Evidence at the
present time seems to favor the assignment of a single definite
mass value to the meson of about 200 m,.

The meson is not stable but has a half-life of about 2.3 mil-
lionths of a second, probably decaying into an electron and a
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neutrino. This conclusion on half-life was established by the
following experiment. The number of vertical counts in a co-
incidence circuit was observed, first at a high altitude and then
at alow. The difference in the readings might be expected to
be due to the absorption in the intervening mass of air. An-
other reading was now taken at the original high altitude with
an additional dense absorber just equivalent in mass to the in-
tervening attenuated air, placed above the counter. It might
be expected that this added absorber would reduce the inten-
sity to the same value first observed at the low altitude. Ac-
tually this was found by Rossi to be not the case.®®* The con-
densed absorber produced a much smaller reduction in the
reading than did the same mass of attenuated air. This was
interpreted as indicating that the mesons in traveling the dis-
tance in the air were reduced in intensity by absorption but
also by their death or conversion into other types of radiation.

Absorption measurements on mesons have been made at
high altitudes and at low.* It was found that at an altitude
of 9300 meters (22.9 cm Hg), 60%, of the mesons have energies
greater than 500 Mev, while at sea level only a small fraction
have energies in this range.

9.10. Energy Loss of High-Speed Electrons and Mesons.
When an energetic charged particle passes through matter it
loses energy by two processes. These are, namely:

(@) Collision with the orbital electrons of the atoms through
which it passes. These electrons may be ejected from the
atoms or they may be lifted to levels so as to leave the atoms
in excited states.

(6) Interaction with the strong field surrounding the atomic
nucleus, resulting in large accelerations, and consequent radi-
ation losses. These photons radiated may produce high en-
ergy secondary electrons.

BB, Rossi and N. Neherson, Phys. Rev., 62, 417 (1942); P. Blackett, Nature, 142,

992 (1938).
¥ M. Schein, E. Wollan, and G. Groetzinger, Phys. Rev., 58, 1027 (1940).
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The energy loss by collision for an electron, decreases
rapidly to a minimum at about 1 Mev and then rises slowly as
its energy is steadily increased. For a meson, minimum ioni-
zation occurs at about 108 electron volts. For different ele-
ments the energy loss per cm of path by collision is proportional
to the number of electrons per cm3,

The radiation loss in different elements increases with the
square of the atomic number. In lead, above 10 Mev, and in
water above 1 Bev, electrons lose energy mainly by radiation
loss. Mesons lose energy mainly by this process at energies
greater than 500 Bev.

The energy loss per cm of path in any material, for high en-
ergy electrons, by each of the two processes, as computed by
Heitler, follows:

(@) By radiation

aw  NZ2 ([ 2 \? 183 2
o= 157 (o) 7 (4108332 +)

() By collision

aw NZ W — wh?p: w2
ax P [l°g WzE T f72]
where p is the rest energy of the electron = m,c2 = 1 Mev.

W is the energy of the electron in terms of m,c? or u.
1 is the average ionization energy per pair, usually about

35 ev.
. . . 8w 2 \?
o 1s defined as unit cross section = 3 \?) = 6.57 X
1072% cm?.

N is the number of electrons per cm?,
Z 1s the atomic number.

These losses at different energies are shown in Figure 9.9.
It should be noted that the energy is plotted logarithmically

% W. Heitler, Quantum Theory of Radiation, Oxford Press (1936).
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as abscissae. The ordinate indicates the loss in energy in
Mev per cm of lead traversed. This shows that for mesons
of energy less than 10 Bev, energy is lost solely by collision.
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Fic. 9.9. Energy loss per cm of lead for mesons and electrons at high energies.

9.11. Origin of Cosmic Rays. With the knowledge that such
powerful radiation is coming to us continually from every di-
rection it is only reasonable to speculate regarding its origin.
Unfortunately the first very attractive theory of Millikan was
groundless when it was shown that the primary radiation did
not consist of photons. He had assumed the radiation to be
gamma rays resulting from the building of the heavier ele-
ments from hydrogen in interstellar space. One might have
wondered about the probability in this rarefied space of, say,
54 particles all coming together at a point at the same instant
with a willingness to combine and form iron. Such objec-
tions were discounted by referring to the largeness of space.

More recently, Millikan, Neher, and Pickering % have pro-
posed another theory in which the cosmic particles are thought
to spring from the disintegration or annihilation of the heavier
atoms in interstellar space. For example, if a silicon atom

% R. Millikan, H. V. Neher, and W. Pickering, Pkys. Rev., 63, 234 (1943); 66, 295
(1944); see also S. Kusaka, PAys. Rev., 67, 50 (1945) for an alternate explanation of the
observed energy distribution of cosmic radiation with latitude.
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should erupt into a pair of particles such as mesons or perhaps
as large as protons, each particle should have an energy of
about 13 billion electron volts. Charged particles of this en-
ergy cannot reach the earth vertically at points nearer the
equator than a latitude of about 20°. Similarly for oxygen,
nitrogen, and carbon the energies are 7.5, 6.6, and 5.5 Bev and
the minimum latitudes for vertical reception are 33°, 39°, and
42°, respectively. Helium being the most common disinte-
grating atom should yield particles of energy 1.88 Bev, which
would be able to arrive vertically at the earth only at latitudes
greater than 54°. The evidence for supporting this notion is
that in flights northward in India from the equator such a
plateau in the ionization due to cosmic radiation was found to
exist up to a latitude of about 20° N., when a rather sudden
increase was noted in the intensity. Similar, not so abrupt,
discontinuities have been reported for the nitrogen group and
for helium.

There is evidence that the number of atoms per cm?® in in-
terstellar space is somewhere between 1 and 10~3. Bowen has
estimated that hydrogen is the most abundant. For every 100
hydrogen particles there are 10 helium atoms and about one
each of the following: carbon, nitrogen, oxygen, and silicon.
Even if the latitude observations were incontrovertible, one
might wonder what circumstances could possibly incite a
heavy atom to such a violent death.

It might well be argued that there is no necessity to consider
any improbable process to explain cosmic radiation. Since the
radiation appears to consist of protons, and hydrogen is every-
where abundant, all that is necessary is to have the hydrogen
ions accelerated in electric fields. The absence of such enor-
mous electric fields would be more surprising than their pres-
ence. For example, the electrical capacity of the earth treated
as a conducting sphere is only 6.6 X 10™* farads. Thus its
potential could be changed a billion volts by the addition of an
electrical charge of only 6.6 X 10° coulombs.
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9.12. Nomograph Relating Momentum, Ionization, and Mass
of Energetic Particles. It is frequently advantageous to relate
graphically the various quantities pertaining to the high speed
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Fic. 9.10. Nomograph relating range R, ratio of ions per cm to minimum specific
ionization, D, ratio of mass m to rest mass m,, and relative momentum Bp.

particles. Such a nomographic relationship as devised by
Corson and Brode ¥ and extended by D. J. Hughes is shown
in Figure 9.10. The quantities represented are the range in
normal air, R; the ionization expressed as a multiple of the

¥ D. R. Corson and R. Brode, P4ys. Rev., 53, 773 (1938).
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minimum ionization per cm, D; the ratio of the mass 7 to the
rest mass of the electron, m,, and the momentum as expressed
by the product of the magnetic induction, B, and the radius
of the track, p, as observed in a Wilson cloud chamber. The
dotted lines shown represent the characteristics of a proton
and of a meson when the range of each is the same. It is thus
possible to determine the nature of the particles and their en-
ergies uniquely when sufficient information on their ionization
and their deflection is available. The nomograph as presented
represents the behavior of singly charged particles. For alpha
particles it is still suitable provided the Bp, D, and R scales be
multiplied by the simple factors 4, 4, and 1, respectively.

QUESTIONS AND PROBLEMS

1. A 10-billion-volt electron describes a circular track in a cloud
chamber where the uniform flux density is 20,000 gauss. What is the
radius of the path? What would be the radius of the track for a pro-
ton whose energy is 10,000 Mev?

Answer: 1666 cm, 1820 cm.

2. At an altitude of 29,000 ft. the pressure is 3.3 meters of water
and the temperature is —60° C. Assuming an absorption coeflicient
of 0.55 per meter of water and a sea-level intensity of 1.9 ions per
cm? per sec., what is the activity at the altitude mentioned? The
temperature at sea level is 15° C. and the surface area of a hydrogen-
filled balloon is 20 sq. meters. What is its surface area at the high
level? -

Answer: 89 ions/cm? and 34.9 sq. meters.

3. The sensitivity of a certain electrometer is 0.1 volt per scale divi-
sion. Its capacity is 1 electrostatic unit and the active volume of the
chamber is 50 cm3. In what time will the residual cosmic ionization
cause a discharge of 10 divisions at sea level and 45° N. latitude?

Answer: 21.5 hrs.

4. The solar constant at the earth is 0.135 joules per cm? per sec.
Approximately how does this compare with the total energy received
per cm? per sec. due to cosmic radiation, at a latitude of 51° N, ob-
tained by reference to Figure 9.5, assuming 35 electron volts per
ion-pair?

Answer: Solar/cosmic = 3.9 X 108,
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5. The net positive charge of a star is 10'? coulombs. Its radius is
10'! cm. Neglecting gravitational effects, how much energy must be
expended to bring a proton to the star?

Answer: 14.4 ergs or 9 X 10° Mev.

6. Express the intensity of cosmic radiation at sea level, 40° N.

latitude, in roentgen units per day.
Answer: 7.9 X 1073 r/day,
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10.1. Historical: The Transuranic Elements. In his system-
atic survey of the elements to detect their sensitivity to neu-
tron capture, Fermi ! observed in uranium several new radio-
activities whose half-lives were reported as 10 seconds, 40
seconds, 13 minutes, and 40 minutes. On decay these uranium
activities emitted beta particles; therefore the product nuclei
must have an atomic number of 93, that is, one greater than
uranium, which had been regarded as the heaviest element.
The question might well be asked, what becomes of these cre-
ated atoms of the new element and what are its properties?
From the periodic table the element of atomic number 93
should have chemical properties similar to manganese and hence
might be separated from the parent element uranium. On
making a rapid separation of manganese from the uranium, a
beta-active precipitate was obtained. Similarly, on taking
from the bombarded uranium, separations of iron, rhodium, or
palladium, all were found to be radioactive.? The chemistry
of these latter elements might have been expected from the
vertical columns of the periodic table to be very similar to ele-
ments of atomic number 94, 95, and 96. Fermi thus concluded
that transuranic elements were being created from the ura-
nium by the action of the slow neutrons.

These experiments with slow neutrons were repeated in other
laboratories particularly in Berlin, by O. Hahn, L. Meitner, and
F. Strassmann 3 and in Paris by I. Curie-Joliot and L. Savitch.

LE. Fermi, Nature, 133, 898 (1934).

2 E. Amaldi, O. D’Agostino, E. Fermi, B. Pontecorvo, F. Rassetti, and E. Segré, Proc.
Roy. Soc., A, 149, 522 (1935).

30. Hahn, L. Meitner, and F. Strassmann, Zeits. f. Phys., 106, 249 (1937).
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On making more detailed examination of the chemical sepa-
rations from bombarded uranium, Hahn in 1938 found an ac-
tivity in a barium precipitate ¢ and I. Curie found similarly an
activity in a lanthanum separation.® Classically the chemis-
try of none of the transuranic elements should have been simi-
lar to either barium or lanthanum. Hahn, at first, reasonably
assumed that the radioactivity he was observing was a new
form of radium, since the chemistry of radium is much like
that of barium. This could be derived from the heavy new
elements by the emission of alpha particles. Barium can be
separated from radium as shown in Chapter 1. On further
tests Hahn became convinced that the activity he was observ-
ing was really in barium and not radium. It was somewhat
hazardous to depend too positively on the similarity between
the properties of the lighter elements and those of the trans-
uranic elements in the same vertical column of the periodic
table. It might conceivably be that the properties of the very
heavy elements were slightly different.

10.2. Fission. On January 6, 1939, Hahn and Strassmann in
a continuing report on the radioactivities observed in barium,
cerium, and lanthanum stated: ““. . . with hesitation because
of the strange results, we come to the conclusion our ‘radium
isotopes’ have the properties of barium; as chemists we really
ought to say these new substances are barium, lanthanum,
and cerium. . . .””¢ They then proceeded to explain the im-
plications of their proposal by showing that among the radio-
activities observed was also one with a half-life the same as
that of a known isotope of krypton. On combining the barium
whose atomic number is 56 with krypton whose atomic num-
ber is 36, the number 92 is obtained which is the atomic num-
ber of uranium. Hence it might be that instead of the chipping-
off of a small fragment from the nucleus as had always been
observed in radioactivity heretofore, the nucleus now split up

40. Hahn and F. Strassmann, Naturwiss., 26, 755 (1938).
1. Curie and L. Savitch, Jour. de Phys., 9, 355 (1938).
¢O. Hahn and F. Strassmann, Naturwiss., 27, 11, 89 (1939).
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into two fragments of comparable size—a process that has
come to be known as “fission.” With scientific caution they
then stated: “We cannot yet bring ourselves to make this
leap in contradiction to all previous lessons of nuclear physics.”

As soon as physicists in other laboratories heard of the pro-
posal that Hahn and Strassmann had envisioned yet had been
reluctant to assert, many confirming tests were begun. By
the end of February 1939, more than forty published papers
on the “fission” of uranium had appeared. The phenomenon
became of particular interest because of the tremendous amount
of energy released by each atom undergoing fission.

10.3. Energy of Fission Fragments. It was soon found that
the particles ejected during the fission of uranium were ex-
ceedingly energetic. Meitner and Frisch 7 found that by plac-
ing the uranium over water, the fission particles were driven
out of the uranium and into the water, from which they then
could be precipitated.

By covering a surface of bombarded uranium with a stack
of thin foils and noting to what foil the radioactivity reached,
McMillan was able to form an estimate of the energy per
particle.?

More direct methods were pursued by Hafstad,® Dunning,!®
and Corson and Thornton.! The former used an ionization
chamber equipped with a linear amplifier and oscillograph so
that the deflection observed was proportional to the energy.
A copy of such a record is shown in Figure 10.1. The alpha
particles from uranium whose energy is 4.1 Mev appear as the
dense border at the bottom of the figure. Corson and Thorn-
ton placed the uranium on a thin screen inside a cloud chamber
and irradiated it with neutrons during the expansion of the
chamber. The heavy tracks due to the fission products, to-

7 L. Meitner and O. Frisch, Nature, 143, 471 (1939).

8 E. McMillan, Phys. Rev., 55, 610 §l939).

?* R. Roberts, R. Meyer, and L. Hafstad, PhAys. Rev., 55, 416 (1939).

10 E, Booth, J. R. Dunning, and F. Slack, Pkys. Rev., 55, 981, 1272 (1939).
1 D, Corson and R. Thornton, Phys. Rev., 55, 509 (1939).
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Fio. 10.1. Deflections due to fission particles—alpha particles in dark band at
bottom (Dunning).

Fio. 10.2. The fission of uranjum (Thornton and Corson),
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gether with the alpha rays from the uranium, are shown in
Figure 10.2.

By observing a large total number of fission particles and
noting the number in each energy interval an interesting dis-
tribution curve results.”? As shown in Figure 10.3, two peaks
are found to exist, one at 64 Mev and one at 97 Mev. This is
about what would be expected from probability theory on,

NUMBER OF PARTICLES

F-——=-=—64-Mev-—~ -~ —

-oms = ST-Mev- ==

ENERGY OF PARTICLES

F1c. 10.3. The distribution of energy among the fragments of fission (Kanner and
Barschall).

say, the splitting or fission of a raindrop. A division into two
equal parts would occur only rarely. The sum of the energies
represented by the two peaks is about 161 Mev.

An interesting calorimetric determination of the total aver-
age energy per fission was carried out by Henderson.’® By
noting the total number of disintegrations and the total energy
developed in a sensitive calorimeter, it was concluded that the
energy for fission was about 185 million electron volts. On
comparing this with the energy of formation of a molecule in
combustion, namely two to five electron volts, its enormous
magnitude may be visualized. To represent this energy more
familiarly, one pound of uranium 235 consists of 11.6 X 1022

12 M. H. Kanner and H. Barschall, Pkys. Rev., 57, 372 (1940).
13 M. Henderson, Phys. Rev., 57, 774 (1940).
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particles which on complete disintegration by fission would
yield 34.4 X 10'® ergs. This amount of energy is 9.55 X 108
KWH, or equivalent to the output of a 1000-KW power plant
operating continuously for more than a year.

10.4. Fissionable Isotopes. The natural isotopes of uranium
are 234 (0.006%), 235 (0.710%,), and 238 (99.289%,).%* It was
shown by Nier in cooperation with Dunning ¥ that the iso-
tope of mass 235, comprising only about 13y of the total,
undergoes fission by slow (i.e., thermal) neutron capture. For
this reaction the remarkably large cross section of 400 X 10—2*
cm? was observed. To produce fission in U 238 the neutron
must have an energy of about 1.5 Mev. The natural isotope
of thorium has a mass of 232, and it was shown by Nishina
and associates '* at Tokyo that it will undergo fission by 1.1
Mev neutrons. A small quantity of protactinium, whose mass
number is 231, was examined by the Columbia group 7 and
found to split up when the neutron energy was more than
about 1.0 Mev. It is quite probable that any element of
atomic number 90 or more will succumb to fission under
neutron bombardment of the proper energy. Most important
is the fission of plutonium whose mass is 239 and atomic num-
ber 94.

10.5. Neutron Production at Fission and the Chain Reaction.
As soon as it was certain that slow neutrons could initiate
fission in U 235, then it became of interest to find if any addi-
tional slow neutrons result from the process of fission. If so,
these slow neutrons could excite other U 235 atoms, which in
turn would lead to fission in others, so that the action would
proceed with increasing violence as a “chain” reaction if only
U 235 atoms were present.

It was found '® without question that neutrons were set free

4 A, O. Nier, Phys. Rev., 55, 150 (1939).

% A. O. Nier, E. Booth, J. Dunning, and A. V. Grosse, Phys. Rev., 57, 546 (1940).

®Y. Nishina, Y. Yasaki, and H. Ezoe, Nature, 144, 547 (1939); R. Haxley, W
Shoupp, W. Stephens, W. Wells, and M. Goldhaber, P4ys. Rev., 57, 1088 (1940).

1A, V. Grosse, E. Booth, and J. Dunning, Phys. Rev., 56, 382 (1939).

1R, Roberts, L. Hafstad, R. Meyer, and P. Wang, Phys. Rev., 55, 664 (1939).
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at fission, the number being from one to three per atom. That
this should be the case is not surprising, on considering Figure
10.4. The isotope U 235 by capturing a neutron becomes an
atom of mass 236 and atomic number 92. If it should divide
into two identical parts these fragments would be palladium
isotopes of atomic number 46 and mass 118. They would be
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Fic. 10.4. The imaginary fission of U 235 by a thermal neutron into equal palladium

isotopes.

highly unstable, since the heaviest natural isotope of palladium
has a mass 110. By the emission of either neutrons or beta
particles, or both, they would approach stability. They might
therefore produce any one of several of the radioactivities as
shown in Figure 10.5. In addition to the neutrons given off
during bombardment,a delayed neutron emission with a half-life
of 12.5 seconds was at first reported. The neutrons generated
at fission were noted to be not thermal neutrons but possessing
energies up to the order of 1 Mev. On further observation it
was found by Snell ** that about 1%, of the neutrons emitted

1 A, Snell, A. Nedzel, and Ibser, Smyth Report, Princeton Press (1945).
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in fission are delayed by at least 0.01 second and about 0.07%,
are delayed by as much as a minute. This would be a satis-
factory condition for a chain reaction provided the newly
formed neutrons were allowed to unite with other atoms of
U 235.

In natural uranium this process was forbidden by the pres-
ence of a preponderant number of U 238 atoms. A resonance
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Fic. 10.5. The elements near palladium, indicating possible transitions for the two
equal fission isotopes shown in Fig. 10.4.

absorption for neutrons in U 238 was reported by Anderson
and Fermi 2 at an energy of about 25 electron volts with a
capture cross section of 1.2 X 1072 ¢m?. A theoretical con-
sideration of the fission, by Bohr and Wheeler,? concluded the
level width for capture was only about 0.003 electron volts for
25-volt neutrons. This capture leads to the radioactivity
whose half-life is 23 minutes, which had been identified 2 as
the only one of the many neutron-induced activities in uranium
really obeying the chemistry of uranium. All the other numer-
ous half-lives were related to elements of lesser atomic number.
Other observers had found for the total absorption cross sec-
tion of neutrons in uranium a value of 23 X 10~2 cm2. Meit-
20 H. Anderson and E. Fermx, PI:y: Rev., 55, 1106 (1939).

2 N. Bohr and] Wheeler, P Fy: Rev., 56 426 (1939).
2].. Meitner, O. Hahn, and Strassmann, Zeits. f. Phys., 106, 249 (1937).
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ner, Hahn, and Strassmann had noted for resonance absorp-
tion an effective cross section of 1200 X 10~2* cm?.

The problem to be solved was, how could the neutrons formed
at fission be slowed to ther-
mal neutrons without being
captured by U 238 as their
energy passed through the
resonance value, a process  nevrron
shown in Figure 10.6. Fermi
suggested that this absorp-
tion might be averted by the
judicious use of what has be- Fi- 10.6. Showing the fission of a U 235

« atom and the resonance capture in U 238 of
come known as a “modera- the neutrons produced at fission.
tor.” This is an element of
rather light atomic weight whose atoms will not accept the
neutrons in capture but which will scatter them elastically.
Such elements suggesting themselves were deuterium, helium,
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F1c. 10.7. Showing the action of the moderator to slow the created neutrons to the
thermal range.

beryllium, and carbon. The moderating atoms will thus take
a portion of the energy of the neutron at each collision, and
as a result the original high energy neutrons may be reduced to
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thermal neutrons. They can now diffuse back into the com-
posite uranium and have a strong probability of inducing fis-
sion in other U235 atoms. In a collision with a carbon nu-
cleus, a neutron will lose about one-sixth of its energy per col-
lision. It was found that a neutron travels about 2.5 ¢cm in
graphite between collisions.® The geometry of the moderator
could be arranged so that on the average about 120 elastic col-
lisions took place, before the particle, now a thermal neutron,
returned to the uranium. This behavior is suggested in Figure
10.7, and leads to a successful chain reaction.

10.6. The Separation of the Uranium Isotopes. If the spon-
taneous disintegration of U 235 is prevented by the presence
of U 238 it might seem desirable to separate the isotopes, or
at least to proceed to a product sufficiently enriched in U 235.
The separation of heavy isotopes which differ by only a few
mass units is not easy.

Four different methods suggest themselves as possible means
to achieve this end. These are the magnetic mass spectro-
graph, molecular diffusion methods, thermal diffusion towers,
and the centrifuge.

a. Electromagnetic Separator. In a strong, uniform magnetic
field, particles having the same energy but unequal masses will
describe circular paths of unequal radii. The radii will be ap-
proximately in the same ratio as the square roots of the masses.
The particles are given the same energy by being accelerated as
ions through a fixed potential difference.

In the mass spectrographs as shown in Chapter 2, the cur-
rents are usually less than a microampere. The accelerating
voltage source and auxiliary circuits all involve the expenditure
of considerable energy. To deposit one pound of U 235, con-
sisting of 11.6 X 10%% particles, using ordinary uranium 140
times as many uranium atoms in total must be transported.
One ampere corresponds to a transfer of 6.24 X 10'® singly
charged particles per second. By using a current this large,

B H. D. Smyth, Atomic Energy Report, Princeton Press (1945).
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26.1 X 10® seconds, or 302 days, would be required for the
deposition of one pound. Thus for conventional spectro-
graphs utilizing a current of 1 microampere, the prohibitive
number of one million instruments operating for 300 days
would suffice to yield one pound of U 235.

Factors important in the successful operation of such sepa-
rators are (a) the size and shape of the arc source from which
the ions come, (&) the accelerating voltage, (¢) strength and
deliberate nonuniformity of the magnetic field, (d) pressure of
vapor in the ion source and in the chamber, (¢) the design of
the collector, and (f) the mutual interaction between particles
in the beam and between neighboring beams. By successfully
meeting many of these issues at Berkeley in 1942, the output
of such separators was increased by an enormous factor.%# The
final practical separators of this type used successfully in large
numbers were termed ‘“‘calutrons.”

b. Separation by Molecular Diffusion. The average kinetic
energy per particle of a gas is dependent only on the absolute
temperature. Hence at the same temperature, any two gas
particles of masses m; and m, having velocities v; and vy, re-
spectively, will diffuse at a rate proportional to their velocities.

Thus
n_ | Jm
v Vmy
so that for the 235 and 238 isotopes of uranium the velocities
are as 1.0064 to 1. Hence in any continued electrolytic, evapo-
ration, or diffusion process the lighter particles will participate
more actively. By continually collecting this first product to
escape, an enrichment of the lighter isotope will be accom-
plished.

In attempts at separation by diffusion, the uranium is con-
verted to the heavy, very poisonous gas, uranium hexafluoride.
The two molecules UFg have masses 349 and 352, so that their
relative velocities are only 1.0043 to 1. .

# H. D. Smyth, Atomic Energy Report, Princeton Press (1945).
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The unequal rates of diffusion through semipermeable walls
was used,® soon after the discovery of isotopes, to partially
separate the isotopes of neon. Various improvements in tech-
nique by Hertz led to an apparatus consisting of as many as
48 separating components of which the first and last stages
are shown % in Figure 10.8. Starting with the normal gas at
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Fic. 10.8. The separation of isotopes by the unequal rates of diffusion through semi-
permeable walls (Hertz).

the left, a portion relatively enriched in the lighter component
diffuses through Ty. This is caught by the mercury-vapor
pump P; and circulated through T; and T;. Again a lighter
fraction through T3 is taken by pump P, while the heavier
component returns to the original reservoir. This process is
repeated through the many successive stages, resulting in
almost complete separation for the lighter gases.

B F. Lindemann and F. W. Aston, Pkil. Mag., 27, 523 (1919).
(1; 3?) Harmsen, G. Hertz, and W. Schutze Zeits. f. Phys., 90, 703 (1934); 91 810
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For the separation of the isotopes of uranium a satisfactory
barrier had first to be developed. After this was successfully
accomplished more than 4000 successive cycles had to be
allowed to obtain the desired enrichment. The scale of operation
as carried out at Oak Ridge comprised what has been termed
the largest continuous chemico-physical process in the world.

¢. The Thermal Separating Tower. By allowing the convec-
tion of a fluid consisting of two unequal mass constituents
within a vertical cylinder whose axis is maintained at a high
temperature relative to the cylindrical wall, a slight separation
of the components can be accomplished.

Clusius and Dickel 27 successfully operated a thermal diffu-
sion tower for heavy isotopes. It consisted of a long vertical
cylinder as shown in Figure 10.9. A hot wire at the axis main-
tained a temperature difference of about 600° C. between cen-
ter and outer surface. The concentration of the heavier iso-
tope increased slightly at the cool outer surface and at the same
time a convection current carried the cooler gas downward and
the lighter gas upward along the wire. Thus by withdrawing
the gas at the axis at the top and passing it successively through
additional similar stages an enrichment in the lighter isotope is
obtained. The method works particularly well if the relative
mass difference is appreciable. A single column two meters
high was found ? to separate almost completely the neon iso-
tope of mass 20 from its sister isotopes whose masses are 21
and 22. Carbon 13 makes a stable tracer element in biologi-
cal studies, and a single small tower will yield a few milligrams
of the almost pure isotope per day.® The amount present
after any reaction may be identified quantitatively by use of
the mass spectrograph.

To obtain uranium enriched in the isotope 235, mammoth
thermal diffusion towers were constructed and successfully
operated.

7 H. Clusius and G. Dickel, Naturwiss., 26, 546 (1938); 27, 148, 487 (1939).
2 H. C. Urey, Jour. App. Phys., 12, 270 (1941).
# A. O. Nier, Phys. Rev., 57, 31 (1940).
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d. The Centrifuge. High-speed centrifuges have been used
with some success in the separation of isotopes.® The sepa-
ration factor in this case depends on the masses of the two iso-
topes directly rather than on the square root of their ratio as
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Fic. 10.9. Thermal tower for the separation of isotopes.

for diffusion devices. By constructing the centrifuge as a tall
cylinder, advantage can also be taken of the convection cur-
rents to aid in the separation.

A separation factor § may be defined as the ratio of the con-

® J, W. Beams, Rep. Phys. Prog. Phys. Soc., 8, 31 (1942).
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centrations of light to heavy isotopes at the axis to the same
ratio at the periphery of the rotor. Assuming that the vapor
obeys the ideal gas law, it has been demonstrated that

S = Ma—Mjot/2RT

where w is the angular velocity, r the radius, R the gas constant,
T the absolute temperature, and M, and M, the masses of the
isotopes. It is evident that at high peripheral speeds this
separation factor can be made significant.

10.7. Neptunium and Plutonium. By bombarding uranium
with high energy deuterons, at least four isotopes of the next
heavier element, now known as neptunium, could possibly be
formed. For each of the two uranium isotopes a (4, #) and a
(4, 2n) reaction might be expected. Since U 235 is present in
such a small percentage, its products might not be observed.
From uranium bombarded with 16 Mev deuterons McMillan
and Abelson # first isolated a beta-emitting activity, whose
half-life was about 2 days, obeying the chemistry expected for
atomic number 93. When later produced in greater quantity,
it was found that a daughter substance obeying the chemistry
of element 94 could be taken from the neptunium.

This product was called plutonium and was found to be an
alpha emitter with a half-life of about 50 years. It was later
shown that this isotope probably had the mass 238, thus aris-
ing in the original reaction, by the process, 52U?3(d, 272)osNp>*,
followed by a beta emission. At the same time the plutonium
isotope of mass 239 was probably present and unnoticed be-
cause of its very long half-life of greater than 25,600 years.
This isotope of plutonium might result from U238 by both
the (4, ) and the (d, p) reactions, both of which have a fairly
high probability. It would also be produced by any neutrons
present undergoing capture in U 238. The U 239 has a half-
life of 23 minutes and converts by beta emission to neptunium

3 E. McMillan and P. Abelson, Atomic Energy Report, Princeton Press (1945).
# G. Seaborg, J. Kennedy, and A. Wahl, Atomic Energy Report, Princeton Press)(1945).
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239, which in turn decays by beta emission of half-life 2.3 days
to plutonium 239. Plutonium 239 is also an alpha emitter
connecting with the uranium-actinium family. Most impor-
tant is the fact that it undergoes fission with relatively low en-
ergy neutrons. These heavy radioactive isotopes are shown in
Figure 10.10, together with their half-lives and the type of
radiation emitted.
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Fic. 10.10. Isotopes of the very heavy elements.
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10.8. The Reactor or ‘‘Pile.” The first successful “reac-
tor” or “pile” in which the unseparated isotopes of uranium
maintained by themselves a continuous development of en-
ergy, was put in operation on December 2, 1942, at the Uni-
versity of Chicago.® The structure was an oblate spheroid
built up in layers of graphite bricks. In alternate layers of
the graphite were lumps of uranium, situated so as to be at the
corners of a cubic lattice. The pile contained 12,400 lbs. of
metal, together with some purified oxide, to complete the lat-
tice. In order to control the rate of transformation, a num-

8 H. D. Smyth, Atomic Energy Report, Princeton Press (1945).
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ber of rods of cadmium or boron steel were arranged so that
they could be inserted or withdrawn. Because of their large
absorption for thermal neutrons they could if inserted shield
the uranium 235, and thus retard the action. A purely im-
aginary sketch of the arrangement is shown in Figure 10.11.
A term called the “multiplication factor,” applying to the
reactor, may be defined as the ratio of the neutron density with

URANIUM MASSES
CUBIC PATTERN IN
ALTERNATE LAYERS
OF GRAPHMITE

RAQIATION
DEDECTOR

Fic. 10.11. An imaginary view of the first reactor at Chicago.

uranium in place to the corresponding density without the
uranium. If this factor is greater than one, by any amount
whatever, then the action will be self-sustaining. As a result
of preliminary measurements made at Columbia University and
supplementary calculations, the dimensions of a self-sustaining
reactor had been predicted. As the assembly of the successive
layers proceeded, a continuous measurement was made of the
multiplication factor by the use of a boron-trifluoride neutron
counter. With no arrestors in place, a multiplication factor
greater than unity was found even before the last layers were
in place.
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The large energy carried by the fission fragments must be
dissipated in the total material of the reactor as thermal energy.
As a consequence heat will be developed at a certain rate, which
may be taken as the rating for the reactor. By December 12
this first reactor was run at a 200-watt rate.

For greater power outputs provision must be made to cool
adequately the large active mass of material. To produce
one gram of plutonium a day the pile must operate so as to
have a continuous power output of about 1000 KW. A unit
to produce this amount was put in operation at Clinton, Ten-
nessee, on November 4, 1943. This unit was cooled by a cir-
culating gas and the output was later stepped up to an increased
power rate.

At Hanford, Washington, mammoth reactors utilizing liquid
cooling were constructed. The first unit was put in operation
in September 1944. With subsequent additions, production
was brought up to a rate such that the power output was of
the order of many thousands of KW.

The action in the reactor is a continuous conversion of U 235
by fission into elements of lesser atomic weight, lying some-
where near the center of the periodic table. At the same time
many of the surplus neutrons are being captured by U 238.
For each neutron so captured an atom of plutonium 239 is
formed by subsequent beta decay. When the action has
proceeded sufficiently, this fissionable plutonium and any
other by-products formed may be separated chemically from
the parent uranium. Because of the exceedingly strong radio-
activity of the fission products utmost precaution must be
exercised by the operators and the necessary chemical pro-
cedures are carried out by remote control.

10.9. Radioactivity Accompanying the Action of the Reactor.
For each atom of U 235 undergoing fission two radioactive
fragments are formed. In a modest reactor operating at 1000
KW, 3.37 X 108 particles are undergoing fission every second,
forming 6.74 X 10'® radioactive atoms. The half-lives of these
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numerous radioactivities formed are varied, but in general they
would probably reach equilibrium, so that 6.74 X 10'® radio-
active disintegrations are occurring every second. Now 37.1
X 10° disintegrating atoms per second was termed a curie, so
that the radioactivity here displayed could be expressed as
1.81 million curies. The gamma ra-
diation from this tremendous source
presents a difficulty in shielding. It
also places a limitation on the use of
small atomic energy plants where
weight 1s an important factor.

This quantity of radium would
emit gamma radiation alone, capa-
ble of producing 2500 “r”’ units in
ten minutes at a distance of 10 me-
ters from the source. This would
be very close to a lethal exposure
for any living organism.

In order that a “chain’ reaction u-235
may proceed in a quantity of a PL239
pure fissionable isotope, it is essen-
tial that the mass be sufficient in Fi6. 10.12. Critical size of fission-

. able mass for the initiation of a
relation to the total surface area. chain reaction.
This relationship can be calculated
and is illustrated graphically in Figure 10.12. On bringing the
two non-active masses together properly, the critical size is
exceeded and the action proceeds.

10.10. Applications of the Reactor. The same radioactivity,
whose development limits the use of atomic energy in light-
weight power units, might become a useful product of the ac-
tion. On analyzing the metallic uranium after the self-sus-
taining reaction has been maintained for some time, a great
number of radioactivities would be found present. Almost any
specific radioactive element near the middle of the periodic
table might be recovered in large quantities. Such products

LESS THAN
CRITICAL MASS
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will have wide application in all other branches of science,
particularly in medicine.

As shown in the purely imaginary sketch of Figure 10.13,
the coolant enters at a low temperature and leaves at a higher
temperature after absorbing heat. This is usually sufficient to
an_ engineer for the continuous production of power.
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Fic. 10.13. Imaginary detail of a reactor,

While a reactor is building up radioactivity and supplying
thermal energy it is at the same time building up as much or
more fissionable plutonium as the U 235 that is lost.

The great advantage envisioned in the use of nuclear energy
is the elimination of the transport difficulties usually associated
with other fuels. For this reason it might conceivably play a
tremendous role in altering the economy of a nation, particu-
larly in the development of inaccessible areas. The first trial
power plant operating from this source of energy is now under
construction in Tennessee.

10.11. The Enriched Reactor. By using either plutonium
or uranium enriched in isotope 235 as the active agent, in a
pile or reactor, remarkable outputs may be achieved with an
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apparatus of relatively small dimensions. Such a device has
been constructed and its performance reported in general
terms. The amazing result is that with a very few pounds of
active agent in the form of a solution surrounded by a neutron
reflector, so that the over-all dimensions are only about 4 feet
on edge, disintegrations may occur at the rate of 10" per sec-
ond, giving an internal neutron flux of 10" neutrons per cm?
per sec. In the thermal neutron column connecting with the
reactor the neutron flux may be as large as 107 per cm? per sec.

This may be regarded as an indication of the tremendous
possibility, within the reach of even a modestly endowed labo-
ratory, should it ever happen that the vital fissionable material
could be freed from its present military bondage. The danger
of such general usage must, of course, never be underestimated.
The radioactivity from such a small mass could be equivalent
to that from thousands of grams of radium.

QUESTIONS AND PROBLEMS

1. Assuming the possibility of utilizing the energy of both isotopes
of uranium, compare the economic advantage in heating by uranium
at $20 per lb., with coal at $10 per ton. Assume 180 Mev and 4 ev
for the energies respectively per reaction.

Answer: 568:1.

2. Thermal neutrons are captured in U 235 but not in U 238. An
average cross section for capture in unseparated uranium of 1.2 X
1072* cm? is observed. How thick a layer of pure U 235 would be re-
quired for N incident thermal neutrons to produce N fissions?

Answer: 0.378 cm.

3. The heat of combustion of TNT, C¢H,(CH;3)(NO,); is 820,700
calories per gram molecular weight. What mass of plutonium would
ideally release as much energy as a 2000-1b. mass of TNT?

Answer: 0.19 gm.

4. Assuming an average half-life of 1 hour for the radioactivities
developed on the fission of plutonium, how many curies are repre-
sented in the source when 10 lbs. of plutonium undergo fission?

Answer: 1.19 X 10" curies.

¥ R. F. Cristy, Phys. Rev., 70, 100 (1946).
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5. Neglecting absorption in the air, and assuming the gamma rays
to be equivalent to those from radium, at what maximum distance
would a lethal dose of, say, 3000 “+”’ units be received during the first
hour from the above source? Assume no dispersion of the source.

Answer: 5850 meters.

6. On considering the absorption of the air, assuming standard

conditions, what would be the dosage at the above determined dis-

tance?
Answer: For u/p = 0.058 cm?/gm.) 1.23 X 107! “r” per min.



CHAPTER 11
SOME APPLICATIONS OF RADIOACTIVITY

11.1. Historical. With the discovery of natural radioactiv-
ity in 1896, it might have been expected that widespread use
of the phenomenon would be found in other branches of science.
The first application came in the field of medicine. In 1900,
Walkhoff and Giesel announced certain physiological effects in
tissue exposed to the new radiation. Madame Curie and Bec-
querel had both received superficial burns from close contact
with the active matter. Alert to this surprising power of the
rays, Pierre Curie in 1901 collaborated with two medical men,
Prof. Bouchard and Prof. Balthazard in studying the action
of radium on animals. In 1902 they concluded that “by de-
stroying diseased cells, radium cured growths, tumors, and cer-
tain forms of cancer.” French practitioners then began the
treatment of diseased persons with tubes of emanation loaned
by Pierre and Marie Curie. To enlarge this activity the first
gram of radium was successfully separated from about 8 tons
of pitchblende residue, largely through the untiring efforts of
Madame Curie.

Not until 1913, when Paneth and Hevesy ! used radium D
as a tracer element in chemical reactions, was the possibility of
the advantageous use of radioactive elements in other branches
of science recognized.

With the discovery of induced radioactivity in 1934, and its
subsequent development, it became possible to render any ele-
ment in the periodic table radioactive. The half-lives of these
activities vary from a fraction of a second up to many years.

1 F. Paneth and G. Hevesy, fkad. Wiss. Wien, 122, 1001 (1913).
257
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Some emit only beta rays or positrons while others emit
gamma rays or a combination of both types of radiation. The
availability of this wide variety of radioactive bodies stimu-
lated their use in all related fields of science. Within a few
years an avalanche of papers was appearing attesting to the
efficacy of this new agent. It is apparent that by using radio-
active, or tagged, detectible elements the behavior of matter
in many reactions could be followed in a manner quite impos-
sible without the radioactivity.

A few illustrations of the usefulness of radioactivity in some
related branches of science will be presented. This is not in-
tended to be a complete report on any investigation or to cover
all of the applications.

11.2. Astronomy—Solar Energy. Any connection between
astronomy and nuclear physics might seem exceedingly re-
mote. It is true, however, that only recently, by using the
information gained in studying nuclear reactions, has it be-
come possible to answer one of the long-standing puzzling
questions, namely, what keeps our sun at a constant tem-
perature.

The solar constant of radiation at the surface of the earth is
about 1.94 calories per cm? per minute. From this, one can
calculate the total energy radiated by the sun in any interval
of time. By assuming a reasonable value of the thermal ca-
pacity of the sun, one finds that the total radiant energy
should be sufficient to reduce the temperature about 15° C.
per year if the sun were simply a cooling body. Actually no
drift in the solar temperature has been observed. It must
therefore follow that some processes are taking place on the
sun so as to release energy as fast as it is being radiated.

From a knowledge of nuclear reactions and conditions pre-
sumed to exist at great depths below the surface of the sun,
H. Bethe was able to provide an answer.? If the temperature
and pressure are sufficiently high and hydrogen is present to-

2H. A. Bethe, Phys. Rev., 54, 248 (1938); 55, 434 (1939).
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gether with some carbon, then the following nuclear reactions
might take place:

6C2 + H! — ,NB 5 ,CB 4 ¢
(C13 + H' - ,N"
N 4+ H! - (0% — ;N +
N 4 HY — g0 — 4C!2 + ,Het

The average specific gravity of the sun is about 1.4, yet at
a sufficient depth it is not unreasonable that it might be 80
times as large. Under this condition the temperature must be
about 20 million degrees C.  For the concentration of hydrogen
known to exist, namely about 359, by weight, Bethe concluded
that nuclear energy is being released at the rate of 100 ergs per
gram per second. This alone is sufficient to account for the
total radiation. In this reaction carbon serves as a catalyst
in the formation of helium from hydrogen. The carbon unites
cyclically with protons, becoming in turn nitrogen and oxygen.
The excited oxygen finally splits up into an alpha particle and
a carbon atom identical with the original. As stars grow older
their hydrogen content thus diminishes.

Some speculation might be made regarding the age of the
sun by assuming that all of its present helium has been derived
from hydrogen. Spectroscopically it is possible to estimate the
present abundance of helium. By combining this with its
known present rate of formation an estimate of several billion
years results.

11.3. Botany. a. Transport of Fluids. Radioactive salts in
solution may be taken up by the roots of plants and a subse-
quent analysis made of their location by noting the activity
in an exploring Geiger tube. In this way by a single experi-
ment it was shown that the long-held notion of upward trans-
port in plants might need revision.® If, as had been supposed,
the upward transport takes place through the woody part o!

3 F. Gustafson, Science, 88, 482 (1937); Jour. App. Phys., 12, 327 (1941).
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the stem alone, then on removing a section of the wood of the
stem no transfer should occur. Gustafson found evidence that
the radioactive material was still being carried upward, indi-
cating an upward transport in the bark. The question is still

Fic. 11.1. Auto-radiogram of selectively absorbed radiophosphorus.

not entirely resolved, as a somewhat contrary conclusion was
reached by other workers using the same technique.

b. Photosynthesis. The reactions by which carbon dioxide
in the presence of light and water proceed to form sugars,
have been little understood. By using carbon dioxide con-

4P. R. Stout and J. R. Hoagland, Amer. Jour. Biol., 26, 320 (1939).
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sisting of radioactive carbon 11, whose half-life is only 21 min-
utes, Ruben and Kamen ® have been able partly to solve the
difficult chemistry associated with the process. They found
that the carbon dioxide united reversibly in a non-photochemi-
cal reaction with a heavy molecule of the type RH where R is
an atomic aggregate of large total weight. Thus,

RH + CO, s RCOOH

This carboxyl molecule unites photochemically with water
to form a possible sugar, as

R COOH + H,0 4+ A» — RCH,0H + O,

The formation of the sugar is thus a multiple reaction, quite
different from that which had been classically assumed.

c. Selective Absorption. The selective absorption of a given
radioactive element in any particular tissue of the plant may
be revealed by a photographic technique. Figure 11.1 is an
“auto-radiogram” of a tomato plant that had been placed in
a solution containing dissolved radiophosphorus.® After the
lapse of an appropriate time the plant is removed from the
solution and placed firmly against the photographic emulsion,
in a darkened room. The blackening of the plate is a measure
of the abundance of the radioactive element in the contiguous
part of the plant. In the figure it is quite clear that thephos-
phorus accumulates in the stems and the-conduction system
of the leaves. It is also found abundantly in the seeds of the
fruit.

11.4. Chemistry. a. Adsorption. The phenomenon of ad-
sorption, in which solids take up on their surfaces, gases, lig-
uids, or other dissolved solids, has been difficult to understand.
Various theories have been offered. In some cases it has been
proposed that the action is a solution, and in others a chemical
combination is assumed to occur. By using radioactive sodium

§ M. Kamen and S. Ruben, Jour. App. Phys., 12, 326 (1941).
¢ D. Arnon, P. Stout, and F. Sipos, Amer. Jour. Bot., 27, 791 (1940).
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and bromine as tracer elements it has been demonstrated ?
that in the case of eosin and erythrosin dyes the adsorption
consists entirely of an exchange between the negative ions of
the solution and the negative ions of the adsorbent.

b. Synthesized Elements. There were still four unknown
elements between hydrogen 1 and uranium 92 in 1937: namely,
those of atomic number 43, 61, 85, and 87. The chemistry of
these elements could be predicted from their position in the
periodic table and hence also their most probable source. All
attempts to isolate and identify them were unsuccessful. By
bombarding neighboring elements in the periodic table with
various projectiles, radioactive isotopes of each of these ele-
ments, except 87, have now been positively identified. In
some cases the chemistry of the element has been found to be
somewhat different than had been predicted. Element 87 has
been found by Mlle. Perey as a branching product in the ac-
tinium series.®

The very heavy elements of atomic number 93, 94, 95, and
96, of course, were first known only as a result of nuclear
reactions. A trace of plutonium has since been found to
be present in the pitchblende from the Great Bear Lake
deposit.

By bombarding gold with deuterons an isotope of mercury
is formed that is quite different from ordinary mercury.®
Gold has a single isotope of mass 197. By a (d, p) reaction
radioactive gold 198, whose half-life is 2.7 days, is formed. On
the emission of a beta particle, stable mercury consisting of a
single isotope of mass 198 is formed. Ordinary mercury has
an atomic weight of 200.6 and consists of 7 isotopes varying
from 196 to 204 in mass. Sufficient mercury 198 has been
made in this way to make spectroscopic studies. The radia-
tion has been proposed as a spectroscopic standard of length,
since it is free from hyperfine structure and isotope shift.

7 A. Newton and K. Fajans, Jour. App. Phys., 12, 306 (1941).
8 Mile. Perey, Comptes Rendus, 208, 97 (1939).
?J. Wiens and L. Alvarez, Phys. Rev., 58, 1005 (1940).
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Many other applications of radioactivity to chemical prob-
lems, in the fields of reaction rates, surface studies, molecular
structure, solubility, and catalysis have been successfully
consummated.

c. Alchemy. The transmutation of base metals into gold
has through the ages been the goal of a certain group of inves-
tigators; often the most erudite of their generation. From
time to time success has been reported, only to be proven
later to be unfounded.

The possibility of inducing transmutations by bombardment,
with high energy particles being well established, it naturally
became of interest to achieve this long-sought goal and create
gold from another element. This was first accomplished % in
1936. The lustre of the achievement was somewhat dulled
by the fact that the parent element in the reaction is platinum.
The process as carried out is illustrated by the following
equation:

78Pt196 _+_ 1.]:_12 — 78Pt197 + lHl;
sPt197 (18 hr. halflife) — 7Au!® + e

The radioactive platinum 197 formed in the bombardment
decays by beta emission to ordinary gold.

11.5. Engineering. 4. Radiology. With the development
of semi-portable Van de Graaf generators, and betatrons capa-
ble of delivering X-rays up to 5 Mev, defects in any engineer-
ing structure, whose thickness is not greater than about 10
inches of steel, can be expeditiously located.

Certain of the radioactive isotopes emit very penetrating
gamma radiation. Cobalt 60 has a half-life of 5.3 years and
emits gamma radiation having an energy 1.30 Mev. An iso-
tope of yttrium of mass 88 is a by-product in the making of
radiostrontium by the bombardment of strontium with deu-
terons.’® It has a half-life of 100 days and emits gamma rays

%a I, M. Cork and E. O. Lawrence, PAys. Rev., 49, 788 (1936).
1], DuBridee and J. Marshall, Phys. Rev., 58, 7 (1940).
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of energy 2.8 Mev. Because of the minute size of a strong
specimen, it can often be used advantageously to take photo-
graphs such as through a few inches of steel, in positions in-
accessible to other larger equipment.

b. Thickness Measurement. Radioactivity may be employed
to determine the thickness of metallic walls or plates that are
not susceptible to measurement by calipers or other devices.
By placing a calibrated radioactive source on one side of the
wall and a receiver on the other, then the reading observed
falls off with increasing thickness both because of increased ab-
sorption and decreased solid angle. By choosing a source
emitting radiation of the proper energy, a sensitivity and speed
of operation comparable with that of any other instrument
may be attained in the measurement.

An interesting modification of this apparatus permits the
measurement of such plates when their back surface is not ac-
cessible. The scattering of neutrons or gamma radiation de-
pends upon the amount and kind of matter present. The ra-
diation from a fixed source placed near the plate will be scat-
tered back to a contiguous receiver in amounts proportional
to the thickness of the scatterer.

Arrangements of this sort have been successfully utilized in
oil-well “logging.” In this case a source of neutrons and a de-
tector shielded from the direct radiation are mounted as a unit
and lowered into the well. The amount of back-scattered neu-
tron radiation depends largely on the hydrogen content of the
material contiguous to the walls of the drill hole. In this way
a complete survey of the well can be made by observing the
intensity of the back-scattered radiation as the unit reaches
successive depths.

11.6. Metallurgy—Atomic Diffusion. In the alloying, case-
hardening, or welding of metals it is of interest to know to
what extent the atoms of one element are able to diffuse into
another metal or into its own solid phase. A technique to
study the behavior of the natural radioactive elements in con-
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tact with other elements was developed by von Hevesy.!
Since any of the known elements may now be made radioac-
tive, such investigations of self-diffusion can be carried out for
every metal.

A rather complete study of the diffusion of copper atoms in
copper as a function of the temperature was carried out by
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Fic. 11.2.  The self-diffusion of copper as affected by the temperature.

Raynor.?  His results are shown on the semi-logarithmic plot
of Figure 11.2, in which the diffusion coefficient as ordinate is
plotted against the reciprocal of the absolute temperature T.
It may be recalled that almost an identical relationship exists
between the vapor pressure of a liquid and its temperature.
Thus the diffusion of the metallic ions may be quite similar

( “23) von Hevesy, Trans. Faraday Soc., 34, 841 (1938); Zeits. f. Electech., 26, 363
1920).

12 C, Raynor, L. Thomassen, and L. Rouse, Proc. Amer. Soc. Metals, 30, 313 (1942).
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to the process of evaporation. The diffusion coefficient 7,
which represents the number of atoms diffusing through unit
area in a given time, because of the observed linear relation-
ship, is representable as

logn=d+§,

where 4 and B are constants. Similar measurements have
been made on bismuth, gold, lead, and zinc.!3

11.7. Medicine. a. Radiation Therapy. Any ionizing radi-
ation will, if in sufficient intensity, kill all living cells exposed
to it. During the process of growth the susceptibility of cells
to radiation is greater than when they are in the fully developed
state. In cancerous tissue the abnormal cells are undergaing
rapid growth. The possibility therefore exists that by just the
rTg%aBsTtg‘é the abnormal tissue might be eliminated without
seriously damaging the normal cells. There has been some
reason to hope “ that for neutron radiation the difference in
lethal thresholds for the diseased and well tissue might be rela-
tively greater than when using X-rays or gamma rays. Should
this prove to be true, its importance would be incalculable.

It is not unreasonable to suppose that neutron radiation
would behave differently than X-rays on absorption. A neu-
tron gives its energy to a recoil proton which travels only a
short distance with intense ionization along its path. An X-ray
photon, on the other hand, gives rise to an electron whose spe-
cific ionization is relatively small. The recoil proton might
kill any single diseased cell through which it travels, whereas
it might require the cumulative effect of several recoil elec-
trons to produce the same effect.

The same “roentgen” meter used in measuring the intensity
of X-rays in “r” units may be employed to measure the neu-
tron dosage. The intensity is then expressed in “n” units.
It is found that a given number of “n” units of neutron radia-

1B H. Day, F. Banks, and P. Miller, Phys. Rev., 57, 1067 (1940); 59, 376 (1941).
M J, H. Lawrence, Amer. Jour. Roentg., 48, 283 (1942).
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tion is equivalent to a dosage of from 2 to 10 times as many
“r” units of X-rays in its biological effect.

b. Specific Absorption. It is well known that various tis-
sues of the body will take up selectively specific elements from
the circulating fluids. Thus after an intravenous injection of
iodine, this element is found in relatively high percentages in
the thyroid, liver, spleen, and heart. Phosphorus is similarly
absorbed by bone marrow, and calcium and strontium are
taken up in large measure by the bones. It is evident that by
making the absorbed element radioactive, local destruction of
the absorbing tissue may be accomplished with no general ill
effects. In leukemia, a disease in which the white blood cor-
puscles multiply abnormally, some measure of control can be
achieved by a dosage of from two to eight millicuries of radio-
phosphorus. This element on absorption in the bone marrow
can destroy the cells in their formative stage and thus control
the count of the white blood corpuscles.

Similarly, radioactive strontium 89 has been successfully used
in the treatment of bone tumors. This isotope emits solely
beta particles whose maximum energy is 1.3 Mev with a half-
life of 55 days. When strontium lactate is administered intra-
venously as much as 359, of the dose becomes fixed in the
skeleton. Figure 11.3.4 i1s an ordinary photograph and Figure
11.3B is an “auto-radiogram” of a section through the ampu-
tated knee of a patient previously given radioactive strontium.
It is apparent that the radioactive material has accumulated
preponderantly in the neoplastic tissue and in the epiphyseal
line where growth is taking place. This is just the tissue which
it is desired to have receive radiation.

Neutron radiation is effectively captured by particular ele-
ments, such as boron, lithium, and cadmium. If any of these
elements could be preadministered to specific tissue, then on
radiation by neutrons, intense local ionization would result
from the energetic alpha particles or protons liberated in the
accompanying reaction. Some difficulty exists in administer-
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ing and preventing the diffusion of the specific absorbing ma-
terial.® It is, however, a method that might have some par-
ticular applications in therapy.

¢. Tracer Studies. The radioactive isotope of an element be-
haves chemically exactly like the normal atoms of that ele-

A B

Fic. 11.3. Auto-radiogram of section of amputated knee, indicating selective absorp-
tion of radio-strontium.

ment. It differs only that on its disruption its presence is re-
vealed. If administered in such small quantities that it does
not alter in any way the physiological process being studied it
may still disclose the behavior of the entire material of which it
is a part. It is easy to visualize the importance of this tech-
nique in the study of metabolism and circulatory and chemical
processes in the human body. Illustrative of this type of ap-

B P. Kruger, Proc. Nat. Acad. Sci., 26, 181 (1940).



ZOOLOGY—MUTATIONS 269

plication is the study made of the chemical reactions associated
with muscular activity.’® The complicated chemical transfor-
mations occurring during the activity of the muscle have been
greatly clarified.

11.8. Mineralogy—The Color of Crystals. It has long been
known that the color of crystals can be altered by exposing
them to any lonizing radiation, such as X-rays, cathode rays,
or gamma rays. Even more effective in producing alterations
in color on the surface of a crystal is exposure to the deuteron
beam of the cyclotron.”” The importance of coloration is well
illustrated by considering two chemically identical crystals,
aquamarine and emerald. The latter by virtue of its color
has a valuation more than one hundred times that of the
former.

The most valued diamonds have been the very rare green
crystals. On exposure to deuterons for a few seconds the most
inferior amber-tinted diamond takes a permanent green tint
equal to that of the best natural gems. On heating to a very
high temperature the amber tint may be restored.

The coloration induced in such a crystal as rock salt, vary-
ing in shade from amber to black, may be used as an indicator
of the intensity of radiation. Too strong radiation or heating
to about 220° C. will restore the original clearness.

11.9. Zoology—Mutations. The nucleus of the living cell
contains a certain number of threadlike structures known as
chromosomes. In the chromosomes are minute entities called
“genes.” The genes occur in pairs, one member being derived
from each parent. When the cell divides, each chromosome
and each gene also divide so that each daughter cell resembles
the parent. Destruction or alteration of the genes alters the
characteristics of the cell. If the change occurs in a germ cell
the alteration is transmitted to all subsequent generations,
provided the change is compatible with life. This transmis-

1 J, Sachs, Amer. Jour. Physiol., 129, 227 (1940).
1 J, M. Cork, Phys. Rev., 62, 80, 494 (1942).
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sion to a daughter cell of altered characteristics is termed a
mutation. This phenomenon undoubtedly plays an important
role in evolution.

Mutations in nature occur spontaneously, but not frequently.
The effect of ionizing radiation is to increase markedly the fre-
quency of mutations, which might naturally occur. Thus ge-
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neticists are able to observe in a short time those changes
which by spontaneous mutation would occur only infrequently.
This fact was first demonstrated by Muller for X-rays in 1927,
using as subject material the fruit fly, drosophila. The same
fundamental principles ®° are applicable to all living beings, in-
cluding man. A profusion of papers on this subject has since
appeared, using in some cases gamma rays and neutron radia-
tion, all with similar effects.

The relative effect of neutrons and X-rays in producing bio-
logic effects is illustrated by Figure 11.4. This figure sum-

BH., J. Muller, Science, 67, 82 (1928).
® See G. Failla, Jour. App. Phys. 12, 279 (1941).
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marizes the survival of organisms, some of which were exposed
to various intensities of X-rays and others to varying amounts
of neutron radiation, as measured by the same X-ray “r”
meter.? Itis apparent that dosages of 120 “n” of neutrons and
300 “r” of X-rays produced little if any increase in what might
be termed the natural death rate. Ninety per cent of the
radiated insects were alive after 30 days. On increasing the
dosages the deathrate materiallyincreased so that those animals
which received 800 “r”” units of X-rays or 260 “n’’ of neutrons
were all dead before the end of 10 days after xrradxation The
factor relating the lethal effect of 1 “n” of neutrons and 1 “r” of
X-rays appears in this case to be about three to one. The
value of this ratio varies with the biologic subject, being
greater for those organisms possessing a large hydrogen con-
tent.?!

QUESTIONS AND PROBLEMS

1. A dosage of 10 millicuries of radiophosphorus is applied intra-
venously to a patient whose blood volume is 4 liters. Assuming that
709 of the activity remains uniformly distributed in the blood at the
end of 30 minutes, how many beta particles per second would be
emitted by a cm® of the withdrawn blood?

Answer: 64,925 particles/sec.

2. A source of radiosodium is assayed as 90 millicuries. It is ad-
ministered to a patient 45 hours later. What is the activity at that
time? -

Answer: 9.3 millicuries.

3. At 10 Mev a deuteron bombardment of 35 microampere hours
on pure phosphorus will produce one millicurie of radioactive P32, A
bombardment of a refractory iron-phosphide (Fe,P) probe is carried
out with a cyclotron beam of 250 microamperes. Allowing $15.00 per
hour for the cost of operation, what is a reasonable charge per milli-
curie of phosphorus? What will happen in the iron?

Answer: $9.72 per mc.

4 The cross section for the reaction 4Be® (d, 7);B® is 1.2 X 10728

cm?. A deuteron beam of 60 microamperes traverses a thin beryllium

20 J, Lawrence, P. Aebersold, and E. O. Lawrence, Proc. Nat. Acad. Sci., 22, 543(1926).
. E. Zirkle and 1. Lampe, Amer. Jour. Roentg., 39, 613 (1938).
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target, 5 mils (0.005”) in thickness. How many neutrons per second
will pass through a normal area 10 cm on edge, situated 60 cm from
the target, assuming a uniform distribution? Compare the energy of
a neutron in the forward direction with that of a neutron ejected nor-
mal to the beam.

Answer: 15.5 X 107 per sec.

5. The absorption coefficient of neutrons in tissue is 0.14 cm™!.
What is the cross section for the absorption process, assuming the tis-
sue to behave as water, and throgen to be the absorbing agent?

Answer: 1.95 X 1072% cm?,

6. The average specific gravity of the sun is 1.4 and its diameter is
860,000 miles. The solar radiation constant at the earth is 0.135
joules per cm? per sec. and the average distance to the sun is 93 mil-
lion miles. At what total rate does the sun lose radiation? At what
rate does the total mass change?

Answer: 3.8 X 10%® joules/sec or 4.2 X 10'? gms/sec or 4.6
X 108 tons/sec.

7. If the above energy is derived from the synthesis of helium from

hydrogen, at what rate is helium being produced in the sun?
Answer: 5.9 X 10'* gms/sec.



CHAPTER 12
TABLE OF ISOTOPES

By using various modes of excitation, over four hundred
radioactive isotopes of the 96 elements have been created. It
is frequently desirable to know the half-lives and type of radi-
ation emitted by certain of these, without too much searching
in the literature. This information is assembled in the fol-
lowing table.

The information presented has been derived in part from the
original papers and in part from other previously prepared
summarizing tables. Among these may be mentioned the
following:

M. Curie, A. Debierne, A. Eve, H. Geiger, O. Hahn, S. Lind,
St. Meyer, E. Rutherford, and E. Schweidler, Rev. Mod.
Phys., 3, 427 (1931).

W. B. Lewis and B. Bowden, Proc. Roy. Soc., 145, 235 (1934).

M. Holloway and M. S. Livingston, Pkys. Rev., 54, 18 (1938).

F. W. Aston, Isotopes, Longmans (1932, 1942).

J. M. Cork, “Table of Isotopes,” Handbook of Phys. and Chem.
(1940). .

R. D. Evans, “Isotopes,” Medical Physics, Year Book Pub.
Co. (1944).

G. T. Seaborg and J. Livingood, Rev. Mod. Phys., 12, 30 (1940).

G. T. Seaborg, Rev. Mod. Phys., 16, 1 (1944).

Isotope Committee Report, Science, 103, 697 (1946).

In the following table, the energy of each type of radiation
is shown in the accompanying parenthesis. The symbol K is
used to denote the “K’’ electron capture process by the nucleus

and I represents internal conversion of gamma radiation.
273
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TABLE OF ISOTOPES

The designations v, ¢™, and et are for gamma ray, electrons,
and positrons, respectively. The percentage abundance of the
stable isotopes is presented in the column headed as %,. Half-
lives are designated as §, M, H, D, and Y for seconds, minutes,
hours, days, and years.

Element % N . .
z Name N Mass Abundance Half-Life Radiation (Mev) | Reference
0 | Electron .. .. 0| 0000548
0 | Neutron... 1 1 00893
1 | Proton . 1 1 007582
1 | Hydrogen .. 1 1 008130 | 99 98
2 2 014722 002
3 3 01705 3ty ¢ (0.015) 1,2
2 | Alpha . . 4 4 002764
2 | Helium...... 3 3 01711 ~107?
4 4.00386 | ~100
6| 6.0209 088 & 3.0 3,4,8
3 | Lithium.... 6 6 01682 79
7 7.01784 921
8| 8.02497 0885 | e (12.0) 678
4 | Beryllium. .. 7 7 01908 43D v (0.485), K 9, 10, 12
8| 8.007766
9| 9.01486 100
10 | 10.01671 7X100Y | ¢ (0.5),7(0.5) |13
5 | Boron....... 10| 10 01633 18 4
11| 11 01295 81.6
12| 12.0168 00225 | ¢ (12.0) 6,7, 14
6 | Carbon . ... 10 | 10 01833 8.8S et (3.4) 15
1| 1101499 205M | ¢t (0.95) 15, 16, 17
12 | 12 00386 98 9
13 | 13 00766 1.1
14 | 14.00780 100 Y ¢ (0.145) 18
7 | Nitrogen..... 13| 13.01005 9.93M | ¢t (0.92,12), 19, 20, 21, 22
v (028)
14 | 14 00756 99 62
15 | 15 00495 038
16 | 16.00645 805 e~ (6.0) 23,4

* References are on pp. 2914,
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%

Z Nome N Mass Abundance Half-Life Radiation (Mev) Reference
8 | Oxygen..... | 15| 15.0078 126 S et (1) 23, 25
16 | 16.000 99.76
17| 17.00449 0 04
18 | 18.00369 020
19 31 & 4,25
9 | Fluorine.... .| 17| 17.0076 08 et 2.1) 27, 28, 29
18| 18 0056 112 M et (0.71) 19, 30, 31
19 | 19 00452 100
20| 20 0063 728 e (50),v(2.2) |36 3233
10 | Neon...... . 19 | 19.00798 203 S et (220) 34
20| 19 99896 9 0
21| 20.99968 027
22 | 21.99864 973
23| 23.0005 4058 e (41) 26, 35
11 | Sodium.. 21 23S 35, 36
22 | 22.00032 3y ¢t (058) 37, 38
23 | 22.99644 100
24| 23.99774 1480 | (14),
. ¥ (138, 373)
25 628 ¢ (2.8), v (0035) | 42
12 | Magnesium 23 | 23.00055 11.6S et (282) 34, 42
24| 23 99189 77 4
25| 24 99277 1S
26 | 25 99062 11
27| 26.99256 102M |08, 26, 43, 44
v (102, 084%)
13 | Aluminum. 26 | 25.99446 708 et (2 99) 34, 38, 45
27| 26.99069 100
28 | 27.99077 24M | e (33,7 (18) | 2643 46
29 | 28.9890 6TM | Q5 47
14 | Silicon . . 27| 26.99711 1925 | et @364) 36, 48
28 | 27.98727 89 6
29 | 28.98635 62
30| 29.98399 42
31| 30.9862 170 M & (1.8) 26, 27, 28
15 | Phosphorus 29 | 28.9135 46S 49
30| 29 9882 2.55 M 50, 51, 52
31| 30 9839 100
32| 31.9841 143D ¢ (169) 26, 40, 53
16 | Sulphur. . . 31| 30.98965 3185 | et (39) 49, 48
32| 31.9823 95 1
33| 32.9818 074
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FA Name N Mass AM‘Z;“‘ Half-Life Radiation (Mev) Reference®
16 | Sulphur...... 34| 3397981 4.2
35 87.1D ¢ (0.17) 54, 55, 194
36 0.016
17 | Chlorine...... 33| 32,9875 285 et (4.13) 49, 56
34| 33.981 BM et s - 57, 45, 58
35| 34 97903 75.4
36| 35.9799 105 et e (066) K 59, 2, 194
37| 3697786 24 6
38 | 37.9800 IM ¢ (1.1,50), 60, 26, 61
(165, 2 15)
18 | Argon 35| 34.9865 1918 | et (4.38) 49, 62
36 | 359785 0 307
37 34D 63
38| 37.9751 0 061
39 10M | 51
40 | 39 97564 99 632
41| 40.9770 110 M e (15),v (137) | 28, 30, 64
19 | Potassium.. 38 TTM | et (23)y 58, 64, 51
39 | 38 97518 93 4
40| 39975 0011 | 4X108Y | e (04,07, 54, 65
vy (0),K
41| 40 9739 66
42 124H | @35) 28, 64, 26
43 18 M I 66
20 | Calcium 39 45M |t 51, 66
40| 39 9745 96 97
41 85D e,y (1), K 66
42| 419711 0 64
43| 42.9723 0 145
44 2 06
45 | 44.97075 180 D e (02),y (0.7
46 0 0033
48 0 185
49 251 € (23),7(08) |66
49 oM
21 | Scandium. . 41 0875 | et (494) 62, 48
12 135D et (14) 67
43 4 et (0.4, 1.4),
¥ (1.0)
44 s2H ¢, v (0.268) 67, 68
4 a1 et (1.45) 67
45 | 44.96977 100
46 | 45.96909 85D & (0.26, 125), 67
7K
47 63 H e (L1),y

* References are on pp. 291-4.
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zZ EIIV?,;:‘ N Mass 4 buZ:anu Half-Life Radiation (Mev) Reference
21 | Scandium ., . 48 4H ¢~ (0.64), v (1.35)| 67, 51, 69
49 STM ¢ (1.8) 67
22 | Titanium..... 45 3oH et (1.2) 70
46 | 45 9678 794
47 775
48 | 47 9651 73 45
49 | 48 9664 552
50 | 49 963 534
51 29M | ¢ (036), v (1.0) | 67,26
51 72D ey
23 | Vanadium 47 600 D K 71
48 16D et (1.0), 78, 71
v (1.05), K
49 3M et (19) 67, 72
50 311 P 67
51| 50.96035 100
52 | 51.95857 39M | ¢ (2.05) 67, 26, 51
24 | Chromium 49 419M et (1.45), 72
¥ (0.2,16)
50 449
51 265D ¢, v (05,10), K| 66,73
52 | 519582 83 78
53| 529572 9 43
54 | 53.960 2 30
55 2H 73
25 | Manganese 51 6M et 20) 74, 29
52 UM et (22),y (12) | 75,74, 51
52 65D et (0.77),y (10) | 74,75
54 310D v (0 845) 74,76
55| 54 965 100
56 2591 | ¢ (07,109,288), 74,26,39
7 (0846, 181,
2.13)
26 | Iron.. . 53 89M et 58, 717
54| 53.960 6 04
55 4¥ e,y (008), K 60, 77
56 | 55 9572 91 54 .
$7| 56 9609 211
58 028
59 “D e (026, 046), 77, 78, 194
¥ (13,11
27 | Cobalt 55 1828 et (1.5), ¥ (0.16, | 74,79, 51
0.31, 0.8, 1.2)
56 80D et (1.4), v (085, | 74, 39, 80

13,26,33)
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z| Bemet |y | Mas |, o | HalrLife | Radiasion (Mew) | Reference
27 | Cobalt....... 57 270D et (0.26), v (0.12, | 74, 81
0.13), K
58 72D ¢t (0.5), 74, 76
v (0813), K
59 100
60 53Y ¢ (0.31), 74, 76
v (11,13)
60 107M | ¢ (1.0), v (0.06) | 74,76
28 | Nickel........ 57 360 et (067) 74
58 | 57.959 67.4
59 157 e+ (0.05) 194
60 26 7
61 1.2
62 38
63 261 e (1.9), v (028, | 74,82
065, 0.93)
64| 63955 0 88
29 | Copper..... 58 815§ et 83
60 19M | " 83
61 34H et (09), K 58, 83
62 1054 | ¢+ (2.6) 82, 26
63| 62956 68
61| 63 957 12811 ¢ (058, ¢ 60, 84, 85
(0.66), K
65 SM ¢ (2.9) 26, 86
30 | Zinc..... .. 63 s8M et (2.32) 83, 51, 85
64| 63 956 50 9
65 250 D et 04), 74, 41
v (1.14), K
66 | 65 952 27.3
67 3.9
68 [ 67 956 17.4
69 138H v (0.44) 74, 88, 89
69 “ M ¢ (1.0) 74
70 | 69 954 0.5
31 | Gallium...... 64 48M | 90
65 15M v (0.054, 91, 74
0.117), K
66 94 H et (3.1) 58, 92
67 68 M et (1.9) 58, 92, 51
69 | 68 955 61.2
70 194 e (1L7) 26, 51, 92
71| 70.953 38.8
72 uH ¢ (2.6), v (1.0) | 69, 52
74 9D e (08) 87

* References are on pp. 291-4.
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V4 Nome N Mass 4 buZ'l’auce Half-Life Radiation (Mev) Reference
32 | Germanium 69 195 D 92
70 212
71 w00 et (1.2) 94
71 1o v (6),K 94
72 27 3
73 79
74 371
75 80 M e (1.2) 94, 52, 87
76 65
77 120 & (1.9) 94, 87, 52
33 | Arsenic.......| 71 88 M et 60
72 260 et 60
73 90 D v (0.052), K 87, 39
73 50 11 et (06) 87
74 16D e (1.3), ¢t (09), | 95, 96
¥ (0.582)
75 | 74.934 100
76 2681 e (11,1.7,27), | 97,95
et (0.7, 2.6),
7 K
78 65 M ¢ (1.4), v (0.27)
34 | Selenium... 74 09
75 125 D v (0.18,0.35), K | 98, 194
76 95
77 83
78 | 77 938 24.0
79 STM v (0099), I 30, 99
80 | 79.942 48 0
81 19M e (15) 99
82 93
83 oM e 99
35 | Bromine 8 64M { et (2.3),y (0.046, | 30, 86, 100
0 108)
79| 78 929 50 6
80 44H | y(049,0037),T | 51, 100,30
80 18 M ¢ (2.0, v (.5)
81| 80.930 9.4
82 4l ¢~ (0.465), 30, 51, 102
(055, 0.79, 1 35)
83 140 M ¢~ (1.05) 99, 30
84 0M ¢ (4.5) 103
85 30M 103
87 508 103
36 | Krypton. 78 | 77 945 0.35
79 34 H et (0.5) 104
79 104
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¥4 E“Na"“’m" N Mass 4 bu:/:‘;am Half-Life | Radistion (Mev) | Reference®
36 | Krypton..... 80
81 104
82 | 81939 11.53
83 11 53 13 M v (0.046, 0.029), I | 99, 88
84 | 83 938 57.11 s
85 411 e~ (0.85) 105
86 [ 85 939 17 47
87 "M € (40) 30
88 3 e (2.5) 97
89 25 M 106
90 05 M 106
37 | Rubidium. . 82 20M 107
84 65M 107
©“M 107
. 200 H 107
85 723
86 19.5D €~ (160) 30, 108
87 277 6 X100y | & (013) 54, 109
88 18 M e (5.1) 97, 51
89 154 e (38)y 110
90 80S ¢ 106
38 | Strontium .. 84 0 56
85 65D v (08),K m
85 0M e, v (0.170) 111
86 9 86
87 702 211 e, v (0.386) 111, 88
88 82 56
89 55D ¢ (132) 112
90 ™ & 106
91 wn ' 106
91 M e 106
39 | Yttrium.... 87 ty/g 05),1 112, 111
87 80H K 111
88 20H et (12) 112
88 87D ¥(091,189,2.8),K| 111, 88
89 100
90 60 I ¢ (2.6) 13
91 s1D e (1.6), v 106
91 soM 114
40 | Zirconium. .. 89 78 H et (10) 111
89 45M |+ LK 111
90 48
91 11.5
92 22
93 63D e (0.27), v (0.94)
94 17

* References are on pp. 291-4.



TABLE OF ISOTOPES

281

Element

%

z Name N Mass Abundance Lalf-Life Radiation (Mev) Reference
40 | Zirconium 95 17.0H e~ (1.0) 116
96 1.5
97 6M e (19) 115
41 | Columbium 92 11D e~ (138),v (1.0) | 115
93 92 926 100 55D v (0.15) 115, 106
94 66 M e~ (14), (04) 51, 96
95 M e(10) 116
42 | Molybdenum 92 149
93 TH
93 T M et (2.65) 115, 51
94 94
95 94 945 16 1
96 | 95 946 16 6
97 96 945 9 65
98 97 944 2t 1
99 671l e (15),v(04) | 117
100 99 945 9 25
101 1M € (18), 115
v (03,006)
3| — 96 270 et 83, 117
99 661 v {0 136), I 117, 106
101 124 e~ (11),v(0.3) | 118
9D v (0097), K 119
62D v, K 119
1on v (005, 0.5), K 120
s e (25) 120
44 | Ruthenium 95 20M 51, 121
26 95 946 5 68
98 222
99 98 944 12 91
100 12 70
101 16 98
102 31 34
104 18 27
105 417 ¢ (15) 121, 122
45D 122
4 M ¢ (1.0) 123
45 | Rhodium 101 0 08
102 210D € (L1), et 124
103 99 92
104 42 M v (0.055, 0.080), I | 51, 26, 125
104 4 S e (2.3) 125, 26
105 34 H e (0.5) 122
UM ¢ (1.2) 123
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VA E}Ve;n;:” N Mass 4 buZ;ance Half-Life Radiation (Mev) Reference®
46 | Palladium 102 08
104 | 103 946 93
105 | 104 945 26
106 | 105 945 27 2
107 13H e (103) 126
108 | 107 943 26 8
110 | 109 942 13.5
111 26 M e (35) 123, 26
112 170 & 122
47 | Silver 102 M et 127
104 163 M et 127
105 45D v (029, 042, 127
0.50, 0 62), K
106 24 5M | et (204) 29, 128
106 82D v (106,069), K | 128, 126
107 | 106 948 519 405 v (0 093) 129
108 | 107 947 23M | e (28) 26, 130, 51
109 48 1
110 228 € (28) 26, 128
110 225 D v (065,092, 74, 131
151), K
111 75D & (08) 126, 128
112 320 e (22) 128
48 | Cadmium 106 14
107 67H ¥ (0.53), K 83
107 158 D K 88
108 10
109 33M et 51
110 12 8
111 130
112 24 2
113 12 3
114 28 0
115 25D ¢ (111), 132
v (065)
115 43D e (15) 194
116 73
117 3950 | e 132
487TM |y (0195),1 133
49 | Indium . 110 65 M et (1.6) 134
111 20 M et (17),y (016) | 134
112 27D v (017,025), K | 132, 134
112 165M | v (012),1 135
112 175M et (13), 135
¥ (0095)
113 45 105 M v (0.39), 1 134
114 48D ¥ (0.19), I 134, 136
114 728 & (1.98) 136, 86

* References are on pp. 291-4.
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¥4 Name N Mass Abu ndpnce Half-Life Radiation (Mev) Reference
19 | Indium ..... 115 95.5 41 H v (0.34), I 136, 137
116 138 e (2.8) 26, 132
116 54 M ¢ (0.85), v (2.3, | 26, 136
1.3, 1.1, 0.43)
117 "M & (1.73), v 136, 132
50 | Tin.......... 112 11
113 9 D v (0.085), K 74, 134
114 08
115 04
116 | 115.942 15.5
17 91
118 | 117 939 225
119 | 118 938 98
120 | 119 940 28 5
122 | 121 944 55
124 | 123 943 68
125 oM ' 74
oM ' 74
26 H e 74
10D e 74
400 D & 74
51 | Antimony....| 118 36M et 1t
120 1M et (1.53) 51,74
121 56
122 28D | (081, 1.64), 74, 26
v (0.80)
123 44
124 60D ¢ (0.74, 2.45), 74, 138
v (1.8)
126 3H & 4
127 80 H & 139
129 42H ¢ 139
131 SM & 139
133 10oM - 139
52 | Tellurium....| 120 0.1
121 125D K 140
122 2.9 30D (0.082, 0 088, 141
0.136, 0.157) I
123 1.6
124 45
125 60
126 | 125 937 190
127 9% D ¥ (0.086), I 140
127 9.3H P 140, 142
128 | 127.936 328
129 32D ¥ (0.102) I 140, 142
129 M & 140, 130, 139
130 33.1
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¥4 Nam,e“ N Mass 4 b“Z;’a“e Half-Life Radiation (Mev) Reference®
52 | Tellurium....[ 131 on v (0.177),1 140, 139
131 25M e 140, 139
133 60 M e 139, 143
135 1SM e 143
53 | Todine. . ... 124 40D et 77
126 13.0D e (1.1),y (05) 77, 142
127 | 126 933 100
128 250 M ¢~ (185), vy (0.4) | 26, 142
130 126 H e~ (061,103), 77, 143, 131
¥ (042, 0 54)
131 80D e~ (069), 77, 144, 139
(0 08, 0.37)
133 22H e (11) 139, 143, 106
135 661 e 143
137 308 103
54 | Xenon...... 124 0 094
126 0 088
127 758 ¥ (0175, 0.125), I'| 104
127 34D v (09) 104
128 190
129 | 128 946 26 23
130 4 07
131 21 17
132 | 131 946 26 96
133 6.3D ~ (0.083) 123, 143
134 10 54
135 9441 e (0.9) 143, 123
135 156 M e (065), v 114, 123
136 8 95
137 68 M 105
137 34M e (40) 123, 145 -
138 1T M & 110, 10
139 308 ¢ 106
55 | Caesium 133 100
134 3n e (1.0) 26, 146
134 20Y e~ (0.75), v (08) | 146, 194
138 3M e (26) 106, 110
139 M e 106
140 408 e 106
56 | Barium......| 130 0.10
132 0 09
133 38811 (0276), I 147, 148
134 2 42
135 | 6 59
136 7 81
137 11.32
138 | 137.916 71 66

* References are on pp. 291—4.
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z E”Nd”"m"’ N Mass |, buz;'am Half-Life | Rodiation (Mev) | Reference
56 | Barium..... 139 86 M ¢ (1.0,2.3),v(0.6)] 106, 26, 51
140 300 H ¢ (12) 106, 123, 110
142 18 M c 149
57 | Lanthanum.. | 137 17.5H | v (088), K 148
138 22H 51
139 | 138 955 100
140 400H ¢ (1.41), 2.04) | 148, 149
>140 M & 106
>140 3sH I 106, 150
>140 15M 'S 106
>140 13D ' 106
58 | Cerium .. 136 0 002
138 0 002
139 21 | et 151
140 90.0 140 D y@©21),1 151
141 28D e (060), 151
v (0.22)
142 10 0
143 33H ¢ (136),y (05) | 151
143 15D e (0.12) 18
>143 310D ' 123
>143 20D & 106
>143 0H 'S 106
59 | Praseodymium| 140 35M et (2 40) 151, 26
141 100
142 193 H e (214), v (19) | 51, 152,26
143 135D & (0.95) 151
>143 M e (3.1) 106
60 | Neodymium 141 25H et (078) 151
142 25 95
143 13 0 -
144 226
145 92
146 | 145 960 16 5
147 a1l ¢ (0.95) 143, 151
148 | 147 961 68
150 | 149 967 5.95
151 AM ' 151
61| — 1250 'S 151
200 D ¢ 143
2TH | ¢ 152
16D & 152
62 | Samarium....| 144 3
147 17
148 14 1.6 X 10" ¥ | v (2.0) 153
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z m‘m’"”"m N Mass |, bmﬁ’m‘ Half-Life | Rediation (Mev) | Reference®
62 | Samarium....| 149 15
150 5
152 26
154 20
>154 2M ¢ (1.8) 151, 152, 26
>154 46M .6), I 143, 151,152
>154 60D 152
63 | Europium.. .| 150 27H et 151, 18
151 49.1
152
153 509
154 6Y ¢ (09), v 18, 154
>154 40D 152
64 | Gadolinium.. | 152 02
154 2 86
155 | 154 977 15 61
156 | 155 976 20 59
157 16.42
158 23.45
159 sH 26, 155
160 20 87
>160 162D oy 154
rd
65 | Terbium .... 159 100
160 3on & 155, 151
160 72D ¢ (0.70), ¥ 156
66 | Dysprosium . 158 01
160 15
161 22
162 24
163 24
164 28
165 25H & (1.18), v (1.1) | 158, 151
67 | Holmium..... 164 4TM ' 151
165 | 164 98 100
166 k1P 4 e Qan 155, 151
68 | Erbium......| 162 0.1
164 1.5
165 1M et 151
166 329
167 24 4
168 269
169 T 157
170 14.2
171 12H & 155, 151

* References are on pp. 291-4.
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z| Bemet | N | Mes | % | BalpLie | Rodistion (Mer) | Referonce
69 | Thulium.... 169 100
170 105 D 155
70 | Ytterbium... | 168 0 06
170 421
171 14 26
172 21 49
173 17 02
174 29 58
175 35H 155, 151, 157
176 13 38
71 | Lutecium .. 175 975
176 25 | 7.3X100F | ¢ (0.40), ¥ (0.26) | 158
176 34H ¢ (1.15) 159
177 6.6D ¢ (0.44) 159, 155
72 | Hafnium 174 018
176 530
177 18 47
178 27 13
179 13 85
180 35 14
181 55D ' 155
73 | Tantalum . 180 1TM 160
180 82H |v,K 161
181 | 180 928 100
182 97D ¢ (0.53), 161, 162, 194
¥ (122, 1.13)
74 | Tungsten 180 02
182 226
183 17 3
184 | 184 00 30 1
185 77D e (067), v 163
186 29 8
187 2.1 H ¢ (14),v (014, | 163, 101
0 10, 0.086)
75 | Rhenium..... >184 WM et 164
>184 134 164
184 52D v (0.85), K 163, 164
185 38 2
186 90 H ¢ (1.05) 164
187 | 186 981 618
188 18H € (25),v(08)
76 | Osmium..... 184 0 018
186 159
187 164
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z| Beme |y Moss | % | HafLife | Rodiotion Mer) | Reference®
76 | Osmium......| 188 133
189 16 1
190 | 190 038 26.4
191 32H e (1.5), v 165
192 | 192 038 41 0
193 D e (035), v 165
77 | Iridium.. .. 191 | 191 040 385
192 15M | 166
192 01 e (2.18), v (1.35) | 26, 51, 167
193 | 193 041 615
194 60 D e, v (031,047, 166
060)
78 | Platinum ... 192 08
194 | 194 040 30 2
195 | 195 040 353
196 | 196 039 26 6 8oOM v, I 169
197 18 11 & (068) 168, 166, 169
197 33D | ey 166, 51
198 | 198 044 7.2
199 UM | e s 166, 168, 169
79 | Gold.... .. 196 130 e 166
196 5D e~ (0 36), 136, 166
~ (0 356)
197 | 197 039 100
198 21D ¢~ (0.78), v (0.28, | 26, 51, 166,
0.44, 2.5) 167
199 33D | e o, 166, 193
v (033, 041)
200 8 M e (2.5) 161, 118
80 | Mercury......| 196 0.15
197 3H v (0.13,0.16), K | 171
197 Pt v 075), K 171
198 10 1
199 17 0 43 M v (0.53), I 166, 51, 169
200 | 200 028 23 3
201 13 2
202 296
203 SLSD | ¢ (0.30), v (028) | 171, 169
204 67
205 SSM e (162) 172, 118
81 | Thalium.. | 200 M 173
200 38 173
202 124D v (0.40), K 118, 172
203 | 203 057 291
204 4238 | ¢ (168) 51, 154

* References are on pp 291-4.
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z E;,‘;";”‘ N Mass AMZ;’W‘ Half-Life | Radistion (Mev) | Reference
81 | Thallium ... | 205 | 205 057 70 9
206 357 e (0.87) 154
(Ac C") 207 476 M |e (147, v 174, 175
(Th C") 208 31M e~ (182),y (262)| 174, 175
(Ra C”) 210 132 M | € (1.80) 175
82 | Lead........ 203 1025 M | ¢t (166) 172
203 520 vy ©27),1 154, 172
204 | 204 058 15 68 M v (090), I 118, 154
205 515D ¢7(0.3), v (0.28) | 194
206 23 6
207 26
208 | 208.057 52.3
209 son e (0.72) 154, 172
(Ra D) 210 22Y £~ (0.025), 175
v (0047)
(Ac B) 211 361 M e (0.5, 1.4), 174
v 08
(Th B) 212 106l € (0.36), v 175
(Ra B) 214 268 M e (065), vy 175, 174
83 | Bismuth 207 64D v (093), K 172, 154
209 | 209.055 100
(Ra E) 210 50D e (1.17) 115
(Ac C) 211 216 M |« (6619), ¢ v 175
(Th C) 212 605M | a(6.054), 175
e (220),y
(Ra C) 214 1974 | @ (5.502), 175
€~ (3.15), v (1.8)| 175
84 | Polonium 210 140 D a (5298), v 175, 170
(Ac C) 211 5X 10735 | & (7.434) 175
(Th C) 212 3X 10775 | « (8 776) 176
(Ra C") 214 1.5 X 10745 | « (7 68) 176
(Ac A) 215 183 X 10735 a (7.365) 177
(Th A) 216 1.58 X 10715 | & (6 774), ¢~ 177
(Ra A) 218 305M | «(5998) 175
85| — 211 .51 a(594),v, K 178
216 50 S a (1.64) 179
218 710 S a (6 63) 179
86 | Radon
(An) 219 3925 |« (6824) 175
(Tn) 220 5458 a (6282) 180, 175
(Rn) 222 3825D | a (5486) 175, 180
87 | — 223 UM e~ (120), v (3) 181
88 | Radium
(Ac x) 223 112D | a(6717),y 175
(Th x) 224 3.64D |« (5.681) 182
226 | 226.10 1590 ¥ a (4.791), v (0.19) | 175
(Ms Thy) 228 61Y ¢~ (0053) 175
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z| Bemei |y | Mo wbl | BairLife | Radiation (Mev) | Referencer
89 | Actinium.. ... 227 135Y a (5.0), ¢ (0.22) | 175, 181
(Ms Thy) 228 613H | & (4.5), ¢ (1.55),y| 175, 54
90 | Thorium
(Rd Ac) 227 189D « (6.049), v 175, 183
(Rd Th) 228 19Y a (5.418), v 175, 183
229 5X10°Y |« (5.0) 191
(10) 230 83 X10°Y |« (466), v 175
(uy) 231 24.6H ' 175
232 | 232.12 100 1.3 X 101°Y |« (3.97) 184
233 235M | 185
(UXy) 234 245D ¢~ (0.12, 0.30), 174, 175
¥ (0 092)
91 | Protactinium .| 23t 32 X10* ¥ | « (5.05), v 186
232 1.6D ey 191
233 274D €~ (0.23), v (006, | 185
019, 0.28)
(UZ) 234 67TH ¢~ (0 56, 1.55), 175
¥ (070}
(UXa) 234 L4M | (232), 178
¥ (0.802)
92 | Uranium.... | 232 0¥ « (5.31) 191
233 1.63 X 105V | o (4.83),¢7, 7, K | 191
234 0006 | 25X 10°Y | & (476) 187
235 | 235.12 071 | 88X 102V | a (4.52) 187
237 69D € (0.26),y (05) | 188
238 | 238 14 9928 [4.51 X 10°Y | (4.18) 187
239 235M | e (056, 1.2), 189
¥ (0.076)
93 | Neptunium. . 235 >1Y v K 191
237 22 X10°Y | « (4.77) 191
238 20D € (1.35),
¥ (0.1,025, 1.3)] 11
239 233D | e (0.14,078), 190
¥ (0.22, 0.27)
94 | Plutonium....| 236 | | | ... « (5.75) 191
237 e K 191
238 0Y a (5 52) 1
239 24 X104Y | @ (5.16), ¥ (0.3) | 11
241 a, ¢ 191
95 | Americium....| 241 50Y « (5.47) 191
96 | Curium...... 241 30D a (625) 191
242 07Y « (60) 191

* References are on pp. 2914,
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APPENDIX

TABLE Al. FUNDAMENTAL CONSTANTS

Electronic

Charge of electron (4.8021 = 0.0006) X 107 esu.
(1.60203 =+ 0.00034) X 10~% emu.

Specific charge of electron (mL) (1.7592 == 0.0005) X 107 emu per gm.

'

Atomic weight of electron (Aston) 0.0005486.
Mass of electron (9.1066 = 0.0032) X 1072 gm.
1 ampere = 6.242 X 108 electrons per sec.

Atomict

Mass of hydrogen atom (1.67339 = 0.00031) X 102 gm,

Mass of atom of unit atomic weight (1.66035 4= 0.00031) X 10~ gm.
Avogadro’s number (6.02338 = 0.00043) X 10% per gm. mol.

Loschmidt’s number (NPT) (2.6870 = 0.0005) X 10'° per cm®,

Volume 1 gm. mol. gas (NPT) (22,414 = 0.8) cm®,

Boltzmann’s gas constant (1.3708 == 0.0014) X 1078 erg per deg. C. per particle.
Specific charge of proton (¢/m) (9578.8 + 1.0) emu per gm.

Specific charge of alpha particle (¢/m) (4822.3 &= 0.5) emu per gm.

Radiation

Planck constant (), 6.624 &= 0.002 X 10~ erg sec.

Solar constant 1.353 X 10% ergs per cm? per sec. -

Velocity of radiation (vacuum, 2.99776 == 0.00004) X 10 cm per sec.
Curie of radioactive material: 37.1 X 10° disintegrations per sec.

Energy Transformations

1 Mev = 1.07 X 1073 mass units = 1.6 X 1078 ergs = 4.45 X 10~® KWH.
1 mass unit = 931 Mev = 1.49 X 1073 ergs = 4.15 X 10717 KWH.

1 erg = 671 mass units = 6.24 X 10° Mev = 2.78 X 10~ KWH.

1 KWH = 2.41 X 10'® mass units = 2.25 X 10®® Mev = 3.60 X 10° ergs.

1 gm. (me?) = 9 X 102 ergs = 25.02 X 108 KWH.

1R. T. Birge, Phys. Rev., 63, 213 (1943); Rev. Mod. Phys., 13, 233 (1941); Amer.
Jour. Phys., 13, 63 (1945).
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TABLE AIl. USEFUL INFORMATION CONCERNING ELECTRONS

Equations
The energy #, from relativity, is:
1 W =me — my? = .ﬂ[—-———— R — 1] = mot2|:162+§ﬁ‘ +lpt ]
= el RV ey = 27 T 16" Tt
= % mov? [1 + %Bz + g gt .. ] ergs, where m is the mass and m, the rest mass of

the electron and B is the ratio of its velocity o to that of light c.
The ratio of the mass 7 to the rest mass m, from equation 1 is:

m /24 W(Mev)
z my moc2+l 051 +1

The momentum, P = My, from equation 1 is:
l —
3.P=mo= - \/W(W + 2mye?)  (gm. cm per sec.).
The radius p of the circular path in a field of B Gauss is:

2
mo
4. Bev =— orBp =
p

(Gauss-cm).

my
e(emu)

— 104 —_—
5. Bp = (—1 VW + 2md) = 3 VW' W'+ 1.02) where ' is in Mev.
(4




TABLE A III.

APPENDIX
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I3 W (Kev) Bp m/m, B W (Kev) Bp m/mo
0.00198 0.001 3.37 1.00000 0.22 12.83 384.2 1.02512
0.00280 0.002 4.76 1.00000 0.23 14,07 402.6 1.02755
0.00343 0.003 5.84 1.00000 0.24 15.38 421.3 1.03011
0.00396 0.004 6.74 1.00000 0.25 16 75 440.0 1,03280
0.00443 0.005 753 1.00001 0.26 18,18 458.8 1.0356
0 00485 0,006 8.25 1.00001 027 19.69 477.8 1.0385
0.005 0.00638 8.50 1.00001 0.28 21.28 496.8 1.0416
0.00524 0.007 8.91 1.00001 0.29 22.94 516.2 1.0449
0.00560 0.008 9.53 1.00001 0.30 24.66 535.9 1.0482
0.00594 0.009 10.10 1.00001 0.31 26.47 555.7 1.0518
0.00626 0.010 10.65 1.00002 0.32 28.36 575.3 1.0555
0.00886 0.020 15.06 1.00004 0.33 30.31 595.6 1.0593
0.0100 0.02554 17.0 1.00005 0.34 32.37 616.0 1.0633
0.0109 0.030 18.45 1.00006 0.35 34.49 636.6 1.0675
0.0125 0.040 21.3 1.00008™ 0.36 36.70 657.5 1.0718
0.0140 0.050 24.6 1.00010 0.37 39.01 678.7 1.0763
0.0198 0.100 33.7 1.00019 0.38 41.42 700.0 1.0811
0.0200 0.1022 34.06 1.00020 0.39 43.92 121.5 1.0860
0.0280 0.200 47.6 1.00039 0.40 46.53 743.5 1.0910
0.0300 0.230 51.04 1.00045 0.41 49.23 766.0 1.0963
0.0343 0.300 58.3 1.00059 0.414 50.00 775.0 1.0983
0.0400 0.4087 68.1 1.00080 0.42 52.05 788.3 1.1019
0.0442 0.500 75.3 1.00098 0.43 54.97 811.4 1.1026
0.0500 0.6385 85.0 1.00125 0.44 58.03 834.9 1.1135
0.0560 0.800 95.2 1.00157 0.45 61.19 858.6 1.1197
0.060 0.9248 102.3 1.00181 0.46 64.50 882.5 1.1262
0.0626 1.00 106.6 1.00196 0.47 67.91 907.3 1.1329
0.07 1.257 119.6 1.00246 0.48 Lﬁ 71.43 932.2 1.1399
0.08 1.644 136.7 1.00322 0.49 t15.17 957.6 1.1471
0.0883 2.000 151.0 1,00391 0.50 79.03 983.6 1.1547
0.09 2.083 154.0 1.00408 0.51 83.04 1010. 1.1625
0.10 2,575 171.3 1.00504 0.52 87.20 1038. 1.1707
0.11 3.122 188.5 1.00611 0.53 91,57 1065. 1.1792
0.12 3.720 205.9 1.00728 0.54 96.08 1093. 1.1881
0.124 4.000 214.0 1.00783 0.548 100.0 1116. 1.1955
0.13 4.373 223.4 1.00856 0.55 100.8 1122, 1.1973
0.138 5.00 239.0 1.00967 0.56 105.8 1151, 1.2070
0.14 5.083 241.0 1.00995 0.57 110.9 1182, 1.2170
0.15 5.844 258.4 1.01144 0.58 116.2 1214, 1.2275
0.16 6.668 276.1 1.01305 0.59 121.9 1245, 1.2385
0.17 7.546 293.9 1.01477 0.60 127.7 ‘1278, 1.2500
0.18 8.479 311.9 1.01660 0.61 133.8 1312, 1.2619
0.19 9.478 329.7 1.01855 0.62 140.2 1346. 1.2745
0.195 10.00 340.0 1.01958 0.63 147.0 1382. 1.2876
0.20 10.53 347.8 1.02062 0.64 154.1 1420. 1.3014
0.21 11.66 366.0 1.02281 0.65 161.3 1458. 1.3159
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TABLE A IIl. DATA ON ELECTRONS (Comtinued)

[ W (Kev) Bp m/mo [ W (Kev) Bp m/mo
0.66 169.2 1497, 1.3310 || 0.938 962.8 4610. 2.8848
0.67 177.2 1538. 1.3470 || 0.940 986.4 4694. 2.9310
0.68 185.8 1580. 1.3638 || 0.9411 1000. 4739, 2.9577
0.69 194.9 1623. 1.3815 || 0.942 1010. 4782, 2.9796
0.695 200.0 1646. 1.3920 || 0.944 1038. 4874 3.0308
0.70 204.3 1669, 1.4002 || 0.946 1065. 4971 3.0848
0.71 214.4 1718, 1.4200 || 0.948 1094, 5074, 3.1419
0.72 225.3 1768. 1.4409 || 0.95 1125, 5183, 3.2025
0.73 236.4 1820. 1.4631 || 0.952 1158. 5299, 3.2669
0.74 248.5 1874, 1.4867 || 0.954 1192, 5420, 3.3354
0.75 261.4 1933. 1.5118 || 0.956 1231. 5551, 3.4087
0.76 275.2 1992, 1.5386 || 0.958 1271, 5691, 3.4871
0.77 289.7 2056. 1.5672 || 0.960 1313. 5841, 3.5714
0.78 305.6 2124, 1.5980 || 0.962 1360. 6002, 3.6623
0,79 322.3 2195, 1.6310 || 0.964 1411, 6178. 3.7607
0.80 340.5 2272, 1.6666 || 0.966 1465. 6365. 3.8678
0.81 360.2 2354, 1.7052 || 0.968 1525. 6573. 3.9848
0.82 381.8 2441, 1.7471 || 0.970 1591, 6796, 4.1134
0.83 405.0 2536. 1.7928 || 0.972 1662. 7048, 4.2556
0.84 430.7 2638. 1.8430 || 0.974 1743, 1324, 4.4140
0.85 458.9 2749, 1.8983 |l 0.976 1834, 7637. 4.5919
0.86 490.3 2870. 1.9596 || 0.978 1938, 7990. 4.7937
0.863 500.0 2925. 1.9907 | 0.980 2057. 8391, 5.0252
0.87 525.3 3006. 2.0281 || 0.982 2194, 8869. 5.2943
0.88 564.6 3156. 2.1053 |f 0.984 2356. 9410. 5.6126
0.89 609.6 3325, 2.1931 || 0.986 2553, 10,080, 5.9971
0.90 661.1 3517, 2.2941 0.988 2796. 10,890. 6.4744
0.902 671.2 3559. 2.3162 || 0.990 3110, 11,960 7.0888
0.904 684.1 3601. 2.3390 [ 0.991 3305, 12,620, 7.4703
0.906 695.0 3646. 2.3625 || 0.992 3536. 13,380 7.9215
0.908 708.3 3693. 2.3868 || 0.993 3814, 14,320 8.4664
0.910 721.3 3740, 2.4119 || 0.994 4160, 15,480 9.1424
0.912 734.5 3788. 2.4379 | 0.9950 4604, 16,980, 10.0125
0.914 748.2 3838. 2.4647 | 0.9955 4881, 17,900. 10.5528
0.916 762.4 3891, 2.4926 || 0.9960 5206, 18,990, 11.1915
0.918 771.3 3942, 2.5215 || 0.9965 5600, 20,310 11.9628
0.92 792.5 3990. 2.5515 || 0.9970 6090, 21,950 12.9196
0.922 808.5 4058. 2.5827 |f 0.9975 6718. 24,050. 14,1510
0.924 825.0 4118, 2.6151 || 0.9980 1571, 26,900. 15.8193
0.926 842.2 4179, 2.6488 || 0.9985 8119, 31,070. 18,2643
0.928 860.0 4244, 2.6839 || 0.9990 10,900, 38,080. 22,3663
0.930 879.1 4311, 2.7206 || 0.9995 15,630, 53,860. 31.6268
0.932 898.5 4381, 2.7580 || 0.9,~871 10° 3.349 X 108  196.77
0.934 918.9 4454, 2.7989 || 0.9—870 108 3.33 X 108 [ 1958.7
0.936 940.3 4531, 2.8409 1| 0.9,—870 107 3.33 X 107 |19,587,




TABLE A 1V. USEFUL INFORMATION REGARDING PROTONS IN MOTION

APPENDIX

/4 Bp Range
V (Cm/sec) | B (V/C) (Kev) (Gauss-Cm) | (Cm Air)
1.0 X 10° | 0.03333 522 | 1.044 X 10° 0.8
1.1 0.03666 632 | 1.149 1.1
1.2 0.04000 753 | 1.253 1.4
1.3 0.04333 884 | 1.358 1.8
1.4 0.046666 1,025 | 1.463 2.3
1.5 0.05000 1,177 | 1.568 2.9
1.6 0.05333 1,340 | 1.673 3.6
1.7 0.05666 1,513 1 1.778 4.4
1.8 0.06000 1,697 | 1.883 5.3
1.9 0.06333 1,891 | 1.988 6.3
2.0 0.06666 2,095 | 2.093 7.5
2.1 0.07000 2,310 | 2.198 8.9
2.2 0.07333 2,536 | 2.304 10.4
2.3 0.07666 2,773 | 2.409 12.1
2.4 0.08000 3,021 | 2.514 14.0
2.5 0.08333 3,280 | 2.619 16.1
2.6 0.08666 3,649 | 2.725 18.4
2.7 0.09000 3,929 | 2.830 21.0
2.8 0.09333 4,120 | 2.936 23.9
2.9 0.09666 4,422 | 3.042 27.0
3.0 0. 10000 4,734 | 3.148 30.4
3.1 0.10333 5,057 | 3.254 34.1
3.2 0.10666 5,391 | 3.360 38.2
3.3 0.11000 5,736 | 3.467 42.6
3.4 0.11333 6,092 | 3.573 47.4
3.5 0.11666 6,460 | 3.680 52.6
3.6 0.12000 6,838 | 3.786 58.2
3.7 0.12333 7,227 | 3.893 64.1
3.8 0.12666 7,628 | 4.000 70.5
3.9 0.13000 8,040 | 4.107- 77.4
4.0 0.13333 8,463 | 4.214 84.8
4.1 0.13666 8,897 | 4.321 92.7
4.2 0. 14000 9,343 | 4.428 101.3
4.3 0.14333 9,800 | 4.535 110.4
4.4 0.14666 10,270 | 4.643 119.
4.5 0.15000 | 10,750 | 4.750 130.0
4.6 0.15333 | 11,240 | 4.858 140.8
4.7 0.15666 | 11,740 | 4.966 152.3
4.8 0.16000 | 12,250 | 5.075 164.6
4.9 0.16333 12,770 | 5.184 177.5
5.0 0.16666 | 13,310 | 5.293 191.1

299

Note:—A deuteron whose range is twice the ranfe of a proton possesses twice the
1

energy, hence Table A 1V may

26.6 Mev.

e used equally wel

for the range of deuterons up to
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TABLE A V. USEFUL INFORMATION REGARDING ALPHA PARTICLES

V (Cmfsec) | 8(/C) | W (Keo) | Bp Gauss-Cm) | g:’j;‘fr) Ton Pairs
0.75 X 10° | 0.0250 1,167 1.5555 X 108 0.55 0.33 X 108
0.80 0.266 1,328 1.6593 0.62 0.38
0.85 0.02833 | 1,499 | 1.7631 0.70 | 0.43
0.90 0.03000 | 1,681 | 1.8669 0.80 | 0.48
0.95 0.03166 | 1,873 | 1.9707 0.91 | 0.53
1.00 0.03333 | 2,075 | 2.0745 1.0 | 0.5
1.05 0.03500 | 2,288 | 2.1783 1.18 | 0.65
1.10 0.03666 | 2.511 | 2.2822 12 | on
1.15 0.03833 | 2.745 | 2.3862 1.48 | 0.79
1.20 0.04000 | 2,989 | 2.4901 1.67 | 0.86
1.25 0.04166 | 3.244 | 2.5041 1.87 | 0.93
1.30 0.04333 | 3,509 | 2.6980 2.00 | 1.00
1.35 0.04500 | 3,785 | 2.8019 2.33 | 1.08
1.40 0.04666 | 4,071 | 2.9060 2.58 | 1.17
1.45 0.04833 | 4,368 | 3.0100 2.864 | 1.25
1.50 0.05000 | 4.674 | 3.1141 3.169 | 1.34
1.5 0.05166 | 4,991 | 3.2181 3.499 | 1.43
1.60 0.05333 | 5.319 | 3.3221 3.853 | 1.52
1.65 0.05500 | 5,658 | 3.4263 4240 | 1.62
1.70 0.05666 | 6.008 | 3.5304 4652 | 1.72
1.75 0.05833 | 6,367 | 3.6346 5.09 | 1.82
1.80 0.06000 | 6,737 | 3.7388 5.59 | 1.93
1.85 0.06166 | 7.117 | 3.8431 6.079 | 2.03
1.90 0.06333 | 7,508 | 3.9474 6.621 | 2.15
1.95 0.06500 | 7.910 | 4.0517 7.202 | 2.26
2.00 0.06666 | 8,322 | 4.1560 7.821 | 2.38
2.05 0.06833 | 8.745 | 4.2604 8.479 | 2.50
2.10 0.07000 | 9.178 | 4.3648 9.177 | 2.62
2.15 0.07166 | 9.622 | 4.4693 9.919 | 2.7
2.20 0.07333 | 10,077 | 4.5739 10.706 | 2.88
2.25 0.07500 10,543 4.6784 11.536 3.02
2.30 0.07666 | 11,018 | 4.7830 12.416 | 3.16
2.35 0.07833 | 11,504 | 4.8876 13.433 | 3.29
2.40 0.08000 | 12,001 | 4.9922 14.322 | 3.44
2.45 0.08166 | 12,508 | 5.1369 15.353 | 3.58
2.50 0.08333 | 13,027 | 5.2016 16.441 | 3.73
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Element K L M N Element K L M N
N2U 115 21.7 5.54 | 1.44 52 Te 31.8 4.9311.0110.17
90 Th 109 20.5 5.17 1 1.33 51 Sb 30.4 |4.690.94]0.15
82 Pb 87.6 | 15.8 | 3.85|0.89 | 50Sn 29.1 | 4.49|0.88|0.13
81 Tl 85.2 | 15.3 |3.71 | 0.8 ]| 491n 27.9 | 4.28 [0.83|0.12
80 Hg 82.9 | 14.8 3.5710.82 48 Cd 26.7 | 4.07 | 0.77 | 0.11
79 Au 80.5] 14.4 | 3.43|0.79 47 Ag 25.5 3.7910.72 | 0.10
78 Pt 78.1 1 13.9 |3.30|0.71 || 46 Pd 24.4 | 3.64]0.67 | 0.08
77 Ir 76.0 | 13.4 3.17 | 0.67 45 Rh 23.2 3.4310.62 | 0.07
76 Os 73.8 1 13.0 | 3.05|0.64 44 Ru 22.1 3.24 | 0.59 | 0.06
74 W 69.3 | 12.1 2.81 | 0.59 42 Mo 20.0 | 2.87 {0.51]0.06
73 Ta 67.4 | 11.7 2.71 1 0.57 41 Nb 19.0 | 2.68 | 0.48 | 0.05
72 Hf 65.4 | 11.3 |2.60 | 0.54 || 407Zr 18.0 | 2.51 | 0.43 | 0.05
71 Lu 63.4 | 10.9 2.50 { 0.51 9Y 17.0 | 2.36
70 Yb 61.4|10.5 [2.41[0.501| 38Sr 16.1 | 2.19
69 Tm 59.5 | 10.1 |2.31{0.47| 37Rb 15.2 | 2.05
68 Er 57.5 9.73 12.22 1 0.45 36 Kr 14.3 1.91
67 Ho 55.8 1 9.382.13]0.43| 35Br 13.5 | 1.77
66 Dy 53.8 9.03 | 2.04 | 0.42 34 Se 12.7 1.64
65 Tb 52.0 8.70 | 1.96 | 0.40 33 As 11.9 1.52
64 Gd 50.3 | 8.37 |1 1.88]0.38 | 32Ge 11.1 | 1.41
63 Eu 48.6 8.04 | 1.80 | 0.36 31 Ga 10.4 1.31
62 Sm 46.8 | 7.73 | 1.72 1 0.35| 30Zn 9.65 | 1.20
60 Nd 43.6 7.12 11.5810.32 29 Cu 8.86
59 Pr 41.9| 6.83[1.51]0.30 28 Ni 8.29
58 Ce 40.3 6.54 11.43(0.29 27 Co 7.71
57 La 38.7 6.26 | 1.36 | 0.27 26 Fe 7.10
56 Ba 37.4| 5.991.29{0.25{ 25Mn 6.54
55Cs 359 5.7111.2110.23|| 24Cr 5.98
54 Xe 34.5 5.441.14{0.21 23 Va 5.45
531 33.2 5.18|11.08 | 0.19 2T 4.95
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TABLE A VII. RANGE OF HIGH ENERGY PROTONS

(A deuteron with twice the energy of a proton will have twice the range.)

Energy in Range in Range in
Meo Cm of Al | Meters of Air
10,000 2038.0 41,080.0
9,000 1841.0 37,100.0
8,000 1642.0 33,060.0
7,000 1440.0 28,950.0
6,000 1234.0 24,790.0
5,000 1024.0 20,540.0
4,000 809.0 16,220.0
3,000 590.6 11,810.0
2,000 368.3 7,344.0
1,000 150.2 2,982.0
900 129.7 2,572.0
800 109.7 2,174.0
700 90.33 1,788.0
600 71.80 1,420.0
500 54.35 1,073.0
400 38.27 754.4
300 24.01 472.1
200 12.17 238.3
100 3.651 70.95
90 3.031 58.83
80 2.461 47.69
70 1.941 37.56
60 1.476 28.49
50 1.069 20.53
40 .7162 13.74
30 .4287 8.194
15 1257 2.385
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RANGE IN KILOMETERS OF AIR
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Fic. A.l.  Range of energetic protons in air. (From calculations by J. H. Smith and
H. A. Bethe.)
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