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PREFACE

The ’rocecdings of the International Conference on the Peaceful Uses
of Atomic Energy are published in a series of 16 volumes, as follows:

Volume
Number Title
1 The World’s Requirements for Energy; The Role of Nuclear Power..........
2  Physics; Research Reactors ..........ccccceeiieeciienimmietiiiassssssnncassesseesesssonnenannnsns
3  Power Reactors ..........cccccceerimmmmnnienriiinnennninerneaccasnaens
4 Cross Sections Important o Reactor Design ..........cceemveeiececnnnnneanrinnnnnn.
5 Physics of Reactor Design ..........ocoueereeeeuumennnnennnnnnnncene.
6 Geology of Uranium and Thorium ...t eeeceeeeeeee
7  Nuclear Chemistry and the Effects of Irradiation .........ceeeeeeveneeennennaaen...
8 Production Technology of the Materials Used for Nuclear Energy........
9  Reactor Technology and Chemical Processing ........cccccooeeeeemeerinnnnne..
10 Radioactive Isotopes and Nuclear Radiations in Medicine ......................
11 Biological Effects of Radiation ..........cccoeeuemoeeeeeneemmmennetececceneenecnnannes
12 Radioactive Isotopes and lonizing Radiations in Agriculture,

Physiology and Biochemistry ....

13 Legal, Administrative, Health and Safety Aspects of Large-Scale

Use of Nuclear Energy ........cccccommimmmmmmmemmemeememmeeeeinenseecveennensseseceseeanaanees
14  General Aspects of the Use of Radloacﬂve Isotopes; Dosimetry ..............
15 Applications of Radioactive Isotopes and Fission Products

in Research and Industry ........ccoiiiiniiinicnnmtinciincecceeeee e s eee e
16 Record of the Conference

These volumes include all the papers submitted
to the Geneva Conference, as edited by the Scien-

Sessions
Included

2, 3.2, 4.1, 4.2, 5, 24.2.
6A, 7A, BA, 9A, 10A.1.

10A.2, 3.1, 11A, 12A,
13A, 14A.

15A, 16A, 17A, 18A.
19A, 20A, 21A, 22A, 23A.
6B, 78B.

88, 98B, 108, 118, 12B,
13B.

14B, 15B, 16B, 178B.

7.3, 188, 198, 20B, 21B,
228, 238.

7.2 (Med.), 8C, 9C, 10C.
6.1, 11C, 12C, 13C.1.

7.2 (Agric.), 13C.2, 14C,
15C, 16C.

4.3, 6.2, 17C, 18C.
7.1, 19C, 20C.

21C, 22C, 23C.
1, 24.1, 243.

The verbatim records of the Conference are
included in the pertinent volunes.

‘These verba-

tific Sccretaries. The efforts of the Scientific Secre-
taries have been  directed  primarily  towards
scientific accuracy. Fditing for style has been
minimal in the interests of early publication. This
may be noted especially in the English transla-
tions of certain papers submitted in French, Rus-
sian and Spanish. In a few instances, the titles of
papers have heen edited to reflect more accu-
rately the content of thaose papers.

The cditors principally responsible for the
preparation of these volumes were: Robert A.
Charpie, Donald J. Dewar, André Finkelstein,
John Gaunt, Jacob A. Goedkoop, Elwyn O.
Hughes, l.eonmard F. TLamerton, Alcksandar
Milojevié, Clifford Maoshacher, César A. Sastre,
and Brian E. Urquhart.

tim records contain the author’s corrections and,
where nccessary for scientilic accuracy, the edit-
ing changes of the Scientific Sccretaries, who
have also been responsible for inserting slides,
diagrams and sketches at appropriate points. In
the record of each session, slides are numbered
in numerical order through all presentations.
Where the slide duplicates an illustration in the
submitted paper, appropriate reference is made
and the illustration does not appear in the record
of the session.

Volume 16, “The Record of the Conference,”
includes the complete programme of the Con-
ference, a numerical index of papers and an
author’s index. the list of delegates, the records
of the opening and closing sessions and the com-
plete texts of the evening lectures.
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Inelastic Scattering of Fast Neutrons by Atomic Nuclei

By M. V. Pasechnik,* Ukrainian SSR

INTRODUCTION

The process of inelastic scaltering of fast neutrons
has been investigated by J. I. Frenkel and V. Weiss-
kopf by means of statistical theory ncarly twenty
years ago.! Nevertheless, due to the practical prob-
lems as well as to some reasons mentioned below, this
phenomenon still attracts much interest and attention.

Firstly, most. of the investigations made up to now
dealt with measurements of total effective cross sec-
tions for interaction of fast ncutrons with nuclei, while
separate processes were not so carefully studied.

Only recently Barshal's laboratory® succeeded in ob-
taining some important data on inelastic scattering of
1-Mev neutrons by many nuclei separate from other
interaction processes. Other experiments referred only
to a few nuclei.?

Secondly, recent investigations have shown that cer-
tain difliculties involved in neutron inelastic scatter-
ing experiment resulted in contradictory data which
could not be interpreted unambiguously.

A further important fact should be mentioned: the
single particle model, with addition of spin-orbit cou-
pling, is known to account well for various properties
of nuclei in the ground state.™™* Simple relation be-
tween nuclear shell structure and excited energy levels
near the ground state can be established from this
model.?

Unfortunately there are very few data on the be-
haviour of closed shell nuclei in nuclear transforma-
tions. When our experiments were started, only data
obtained by M. G. Mescherjakov and D. Hughes were
at our disposal. Mescherjakov measured effective neu-
tron capture cross sections in the region 1.5 to 2 Mev;
in Hughes’ experiments the neutron energy was 1 Mev.
There investigations have shown that strong anomalies
occurred in cross sections for nuclei with magic num-
bers of 82 and 126 neutrons.

Nuclear shell effects may therefore influence the
probability of nuclear process even at high excita-
tions. The problem arises how significant these cffects
are in other nuclear processes and at what excitation
energics they vanish.

To solve this problem, systematic studies of in-
clastic scattering of fast neutrons in the region 2.5-
14 Mev have been made in our laboratory since 1951.
The results obtained by a Nuclear Physics Group of

Original language: Russian.

* This paper is based on work donc in 1951 54 by M. V.
Pasefhnik, W. Stryzak, O. Nemets, B. Wertebny and V.,
Batalin.

the Institute of Physics of the Academy of Science of
the Ukrainian SSR (M. V. Pascchnik, V. I. Stryzak,
O. F. Nemets ¢t al.) arc presented below.

1. EXPERIMENTAL METHOD AND APPARATUS

The analysis of the energy spectra of neutrons scat-
tered by atomic nuclei is considered the best method
for separate study of elastic and inelastic processes.
The interpretation of these spectra can, in principle,
give many data on these processes, including the ef-
fective cross-section values.' 1t is well known, how-
ever, that fast neutron spectrometry appears to be
still in a very carly stage of development.

Threshold detectors can be used to measure inclas-
tic cross sections. Such detectors measure the prob-
ability of processes resulting in decreasing neutron
flux falling upon the detector or changing its spectral
composition: the latter is due to inelastic scattering of
neutrons.

Neutrons with energy lower than reaction thresh-
old will not activate the detector. Under given ex-
perimental conditions, the decrease of detector activa-
tion can serve as a measure for the probability of
inelastic scattering.

Let us denote the neutron flux, falling upon .V scat-
tering centres per surface unit by Jo(Zy), while the
flux of neutrons scattered into unit solid angle per
unit energy interval will be denoted as 7(8,7,£,).
The differential scattering cross section then will be
given by
T(8,E,Ey)

(8,15, 150) '
7% N

T'he total inelastic scattering cross-section oy, 18 ob-
tained by integrating the differential cross-section
data over angles and energies.

Practically, the measurements of inelastic scatter-
ing cross sections can be simplified by proper choice
of scatterer and detector geometry as well as their ar-
rangement. The problem is to choose the proper ex-
perimental conditions with the scatterer between the
source and the detector measuring only unscattered
and clastically scattered neutrons. These are achieved
when the scatterer has the form of a spherical layer
and the detector is a point detector. A good approxi-
mation to these conditions is achieved by a thin
spherical scatterer with a spherical detector of finite
size.

In the real measurements, a thick spherical layer is
used with inner radius equal to the detector radius. In
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this case the attenuation of the neutron flux as well as
asymmetry of elastic scattering must be taken into
account. Corrections for these cffects are found by
means of calculations. Figure 1 shows the experimental
arrangement under various conditions of monitoring
the neutron flux.

The threshold detector must have the following
propertics:

1. The reaction threshold must be lower than the
source neutron energy but very close to it in order to
detect a minimum number of inclastically scattered
neutrons; this is especially important in the case
of a continuous spectrum of inelastically scattered
neutrons.

2. 'The reaction cross section must grow rapidly
with neutron encrgy near the threshold. For neutron
energy higher than energy threshold of the reaction,
the reaction effective cross section must bhe constant.,

We have used the reactions P p); Al (0, p) and
S*2(u,p) as well as Cu®(n,2um).

These detectors fulfil the aforementioned require.
ments better than any others. They are especially
suitable for our measurement. procedure. The half-
lives were measured in order to check the purity of
the detectors. The effect of the activities induced by
slow nentrons was eliminated by surrounding the de-
tector with a thin cadmium shield.

The activity measurements were made with Geiger-
Miiller counters. The counting rate was taken before
and after the measurements in order to verify the
stability of counter performance.

The scatterers were made in the form of spherical
layers consisting of two hemispheres. Most of the scat-

A g

0’ ot

Figure 1.

The experimental arrangements for measuring inelastic
ing cross sections: (1) target; (2) scatterer; and (3) detector; (4)
monitor; (S§) I, = 18, 1. = 30, 1. — 19,1, = 24, I, == 18 for 2.5-Mev
neutrons and I, = 30 for 14-Mev neutrons
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terers were machined of a solid piece of metal. Liquid
and powdered materials were placed in 0.02-in. thick
copper containers. Strongly oxidizing substances (so-
dium, barium) were enclosed in airtight containers.
The thickness of the scattering layer was 0.8 to 1 inch.

The D(d,n)He* and (7' ,n)He* reactions served as
neutron sources. The deuterons were accelerated in the
accelerating tube of an electrostatic generator and in
a low voltage neutron generator. Voltage stability
was within 1¢. The deuterium ions accelerated in the
ion tube were focused on a heavy ice target. Heavy
ice was obtained by precipitating hcavy water vapour
on silver backing, cooled with liquid nitrogen. The
tritium target was prepared by absorption of tritium
on a zirconium foil at high temperature. The composi-
tion of the primary bheam was checked by means of
nuclear emulsions,

2. CROSS SECTIONS FOR INELASTIC SCATTERING
OF 2.5, 3.3, 4.1 AND 14-MEV NEUTRONS

The ceffective inclastic scattering cross sections of
neutrons of various energies were measured for many
elements by means of the above described method.
As is known, the cross section o, is given by

1 1

- — ln
My .'ll

Tyn -

where .V is the number of atoms per cim® of the scat-
terer, v is the mean neutron path in the scatterer,
which is determined by the geometry of the experi-
mental arrangement, while .1 and .1, are the detector
activities with scatterer in position and without scat-
Lterer respectively.

Phosphorus was used as a threshold detector to
measure the inelastic cross section of 2.5-Mev neu-
trons. 'The effective energy threshold for the reaction
P8, p)Si% is 1.7 Mev. Radioactive silicon from the
reaction has a half-life equal to 170 min, with an end
point of the beta spectrum of 1.8 Mev.

The measurements were done as follows: Two de-
tectors (with and without scatterer) were placed in
the holders in symmetric positions with respect to the
target. After 45 90 min exposure the activity of each
detector was measured. ‘The next run of experiments
was made with the positions of the first and second
detector interchanged so as to eliminate the error due
to a difference in the distance between source and de-
tector. ‘Then counter positions were interchanged to
exclude a possible difference in the counter etticiencies.

An aluminium detector was used in the experiments
with 3.3 and {L.1-Mev neutrons. The half-life of the
Mg?7 resulting from the (i,p) reaction is 10 minutes.

For each element from 8 to 20 measurements were
performed, depending on the attenuation of the neu-
tron beam. This procedure reduces the statistical
errors to less than 1.5¢;.

The reaction Cu®(n,21)Cu®, with a 12.5-Mev cf-
fective threshold, was used as detector in experiments
with 14-Mev neutrons.

The experimental results are presented in Table 1
on the foHowing page.



INELASTIC NEUTRON SCATTERING

Table 1. Cross Sections for Inelastic Scattering of Neutrons

Scatterer 2.5 Mevt 2.5 Mev* 3.3 Mev 4.1 Mev 11 Mev

1 2 3 £ 5 o
Carbon — —- — - 0.63 + 0.05
Sodium 0.53+£0.26 — - 0.57 .-
Magnesium 0.77 £ 0.25 — - 0.78 + 0.20 1.08 + 0.09
Aluminium 0.96 + 0.17 0.81 +£0.20 0.78 4 0.20 1.13 +0.07
Phosphorus 0.7 £0.2 - - —
Sulphur 0.54 £ 0.21 -— —
Chlorine 0.0 +0.3 - 0.90 + 0.3 —
Calcium 0.4 +£0.2 - - : —
Chromium 1.4 £0.3 - - — -
Iron 1.16 + 1.51 £0.21 1.58 +0.30 1.29 + 0.07
Cobalt 1.40 £ 0.11 - - —-
Nickel 0.83 +0.12 1.35 + 0.25 - 1.38 + 0.08
Copper 1.58 + 0.15 1.67 £0.24 1.68 4:0.25 1.35 + 0.05
Zinc 2.18 £ 0.5 2.18 1.58 + 0.3 1.37 +0.07
Selenium 1.88 +0.17 - 1.40 +0.23
Molybdenum 1.9 +0.3 - - -
Silver 2.13 £0.18 - -
Cadmium 2.21 10,20 2.1 +£0.2 235 +0.35 2.8 +0.3 1.83 4 0.13
Tin —- 1.05 £ 0.3 1.73 1 0.15 2.11 + 0.3 1.81 + 0.13
Antimony 1.88 £ 0.20 211 +£0.20 211 4 0.20 2.13 £ 0.3 1.90 + 0.16
Tellurium 2.0 +0.35 - - 1.97 +0.27
lodine 1.96 + 0.25 -— 1.88 + 0.10
RBarium 0.8 +£0.5 1.3 +£0.4 2.2 1 0.4
Tungsten 2.0 +0.25 - - 235 +£0.14
Mercury 2.6 +0.3 — 2,99 4+ 0.3 3.36 + 0.3 “—
Lead 1.69 + 0.32 — 1.72 4 0.3 2.42 +0.09
Bismuth 0.62 + 0.29 — 0.62 4 0.5 1.14 + 040 2.44 + 0,13

* Second run of measurements.

3. SPECTRA OF SCATTERED NEUTRONS AT
e == 2.75 Mev

The energy spectrum of fast neutrons scattered by
atomic nuclei was investigated by means of several
methods based on the measurements of the energy dis-
tribution of recoil protons. It is known that #-p scat-
tering is isotropic in the centre-of-mass system for
energies up to about 10 Mev and nearly isotropic for
energics up to 20 Mev. The neutron spectrum can be
found by differentiating the recoil proton energy
distribution P (k).

Let N(E) dIs be the number of neutrons having
energics in the interval £, E + dE, and P(E) d the
number of protons in the same energy interval. Then

- > 1
N(E) = — -] LAP(E)

no(E)x dE

where # is the number of nuclei per cm?®, (k) the
n-p scattering cross section, and x the mean path of
neutrons in the scatterer.

The basic measurements were performed by using
a fast neutron spectrometer with a pulse ionization
chamber as the detector of fast neutrons. Its output
pulses were fed through a preamplifier and linear am-
plifier to a 50-channel pulse height analyzer. A me-
chanical register counted the number of pulses in each
channel.

The ionization chamber was filled with the mixture
of hydrogen (1 atm) and argon (4 atm). To obtain
complete electron collection, careful chemical purifica-
tion and long-term testing were performed. Corrcc-

t See reference 10.

tions for induction and wall effects were calculated
theoretically."

The preamplifier was mounted together with the
chamber on a cylindrical chassis. The preamplifier
band width was 1.5 Me¢, chosen in accordance with
the duration of the chamber output pulses. This band
width gave the most favourable signal-to-noise ratio
with minimum pulse distortion.

The main amplifier was a three-stage unit with
cathode followers at the input and output. Tt de-
livered undisturbed pulses up to 100 volts.

To investigate the pulse height distribution, multi-
channel pulse height analyzers of the amplitude-time
transformation type were used. Being relatively sim-
ple, these analyzers possess good discrimination level
stability, satisfactory linearity and a great number of
channels.

The alpha-spectrum of natural uranium was meas-
ured in order to test the resolution of the whole unit.
The 4.76-Mev and 4.18-Mev lines are the most in-
tensc lines in that spectrum. As seen from the spectro-
gram in Fig. 2(a), these two lines are well resolved,
the half-width of the 4.76-Mev line being 3.19,. This
alpha-spectrum was measured repeatedly to check
both reliability of the apparatus and its resolution for
each set of measurements of the proton spectrum.

The resolution of the neutron spectrometer was de-
termined by measuring the spectrum of the neutron
beam leaving the target at 90 degrees with respect to
the direction of the incident deuteron beam. Figure 2(5)
shows one of these spectrograms. The half-width of
the peak is 150 kev at 2.5-Mev neutron energy; the
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Figure 2. Alpha-particle spectrum (a), and direct neutron beam
spectrum (b)

energy spread of the primary neutron beam is 120 kev.
The resolution of the spectrometer at 2.5-Mev neu-
tron cnergy is thercfore 0%,

Figure 3 shows the arrangement of scatterer and
chamber. The torroidal shape of the scatterers ensures
the maximum number of scattering centers receiving
the same energy range of incident neutrons and mini-
mum multiple-scattering as compared with other scat-
terer shapes.

We were also interested in partial inelastic scatter-
ing cross section. Consequently three runs of measure-
ments were made in each series: (¢) measurement of
the neutron flux falling from the source on the cham-
ber; (b) measurement of the scattered ncutrons with
the direct beam being intercepted by the paraflin
shield inserted between source and chamber; and (¢)
measurement of background neutrons.

The scattering angle was 90 degrees in almost all
measurements,

If the neutron spectrum consists of several groups,
the ideal recoil proton spectrum should be a well-pro-
nounced step curve. Induction and wall effects in the
chamber, however, smooth out the curve. Figure +4
shows one of the spectrograms (for iron) as an ex-

q

Figure 3. The experimental arrangement for observing scattered
nevtron spectra

ample, the experimental data being given by a broken
curve and the corrected ones by a solid curve.

Besides proton recoils, argon recoil nuclei as well as
gamma-ray pulses were observed in the low-energy
region. The initial part of the experimental curve was
therefore especially distorted. In evaluating the ex-
perimental data the initial part of the curve had to
be cut off up to 600 kev.

The principal results for a number of nuclei are
given below. The investigation of other spectra is still
in progress.

Magnesium

Three levels, at 0.8 + 0.12; 1.29 + 0.12 and 1.55
+ 0.12 Mev, have been identified from the inelasti-
cally scattered neutron spectrum, which was obtained
as the result of 16 series of measurements. The energy
values are confirmed to within the experimental ac-
curacies by other investigators.!2.13.14

Aluminium

Three levels have been found, at 1.00 £+ 0.12; 1.36
+ 0.12 and 1.60 £ 0.12 Mev. These data are in agree-
ment with the data obtained by other authors.

Sulphur

The scattered neutron spectrum does not differ
from that of the direct beam ncutrons. This result is
in good agreement with other data according to
which the 2.25-Mev level is the lowest excited level
of the principal isoltope $*. Lower levels observed by
other methods are due to isotopes S* and $%, but
their natural abundance is too small (0.75 and 4.29,
respectively) to expect a noticeable change in the
scattered neutron spectrum.

Iron

The spectrum of scattered neutrons consists of two
sharply defined groups with energies of 1.87 £ 0.12
and 2.75 + 0.10 Mev, which indicate the cxistence of
one level 0.9 + 0.12 Mev. This level can be assigned
to the isotope Fe®®, the natural abundance of which is
91.6%¢.
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Figure 4. The spectrogram for irom: (1) experimental curve; (2) theoreti-
- cal curve; and (3) neutron groups
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The 2.75-Mev group is the result of elastic scatter-
ing of neutrons. The value for the level energy 0.90
+ 0.12 Mev agrees well with the data obtained by
other methods, in particular by studying gamma-
ray spectrum accompanying inelastic scattering of
neutrons.

Copper

The recoil proton spectrum obtained in studying
neutron scattering by copper has three steps, corre-
sponding to two nuclear levels and elastically scat-
tered neutrons. In addition to the 1-Mev level ob-
served by other authors, a level at 1.40 + 0.12 Mev
was also found. This level was not known before;
therefore the measurements were repeated several
times. Similar results were reported!® soon after our
measurements.

Zinc

The spectrum of scattered neutron was not re-

solved in separate groups.

Cadmium

The spectrum of neutrons scattered by cadmium
was never measured before. Energy levels have been
found at 0.86 £+ 0.12, 1.27 + 0.12, 1.63 £+ 0.12, and
1.84 + 0.12 Mev.

Lead

The spectrum of the scattered neutrons consists of
one group of 1.7 Mev energy. Above this energy lines
are not resolved. By comparing the spectrum of the
scattered neutron with the direct heam spectrum, the
number of inelastic scattering events was shown to bhe
a negligible fraction of that of clastic collisions.

Bismuth

The recoil proton distribution curve shows four
well-defined steps. By differentiating we obtain four
groups of neutrons. The first three of them corre-
spond to inelastic scattering of neutrons (levels at 1,
1.5, and 1.9 Mev). Our data were confirmed by the
investigations of other authors.'®

This result proves once again that the nuclei with
magic numbers of neutrons have high first excited
levels as well as large level spacing.

The fact that this was not observed in the case of
lead can be explained by the isotopic composition of
the natural material. The natural abundance of iso-
tope with neutron number 126 is known to amount to
only 52.3¢¢.

4. NEUTRON INELASTIC SCATTERING AND THE
NUCLEAR SHELL MODEL

The analysis of experimental data permits drawing
of some preliminary conclusions.

1. The effective cross sections for inelastic scatter-
ing of 2 to 4 Mev neutrons by all nuclei, except those
having magic numbers of nucleons, increase smoothly
with mass number approximately according to the
oin~ A% law.

The theoretical treatment of this dependence has
been given by P. E. Nemirovsky, who extended the

Feschbach-Porter-Weisskopf semitransparent nucleus
model by introduction of a potential well with
rounded edges instead of rectangular ones.

2. The inelastic scattering cross sections of nuclei
with neutron numbers of 50, 82, and 126 are con-
siderably lower than those of other nuclei in the same
neutron encrgy region.

3. The data obtained cannot prove definitely a
similar deviation for nuclei having a proton number of
50 in the neutron energy range from 2 to 3 Mev. In
inelastic scattering, as elsewhere, the effects of closed
proton shells are probably weaker than those of
closed neutron shells.

4. In the intermediate neutron energy rcgion
(1 Mev) effective inelastic scattering cross sections
show strong variation from one group to another. In
this region there is no simple dependence of o;, on
mass number, but in this case too cross sections of
magic number nuclei are small.

5. The higher the mass number, the stronger the
anomalies in inelastic scattering cross sections values.
This means that the nuclear shell effects are stronger
for nuclei with a great number of nucleons, in agree-
ment with data on neutron binding energies for nuclei
with neutron numbers of 51, 83 and 127.

6. Cross sections for magic nuclei increase with neu-
tron energy. For example, the effective inelastic scat-
tering cross section of bismuth at 1 Mev is several
tens times lower than that of the neighbouring nuclei,
while at 2.5 Mev it is only 5 times lower, and at an
energy of 4 Mev only 1.5 to 2 times.

7. The inelastic scattering of 14-Mev neutrons
shows no deviation from smooth dependence within
the experimental accuracy. It would be of great inter-
est to perform measurements on inelastic scattering
cross sections for magic nuclei in the neutron energy
region from 5 to 10 Mev. It would make possible the
determination of the excitation energy at which the
effect of closed shells on neutron inelastic scattering
vanishes.

8. The measurements of energy distributions of
scattered neutrons confirm the spectroscopic data on
nuclear energy levels. The first excited level of nuclei
with magic numbers of neutrons and/or protons is
higher than that of other nuclei. This conclusion is
confirmed by the direct measurements of level position
by studying gamma-ray spectra accompanying the
inelastic scattering of neutrons.

It must be stressed that the above data do not stand
by themselves in nuclear dynamics. Closed shell effects
have been found recently in other phenomena. Among
those must first of all be mentioned the anomalies in
fast and slow neutron radiative capture cross sections.
These anomalies must be explained in terms of nuclear
level distribution.!8
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Gamma Rays from Neutron Inelastic Scattering

By Robert B. Day,* USA

Until the very recent development of time-of-flight
techniques for the millimicrosecond range! there has
been no really satisfactory way of measuring the neu-
tron spectra from inelastic scattering reactions. Photo-
graphic plates have provided a means of doing this,
but they have a low effliciency and have, in addition,
the disadvantage that a great deal of labor is involved
in the plate reading. Other methods, which generally
depend on the detection of proton recoils produced in
a hydrogenous radiator, also have very low efficiency.
An exception is the use of an organic crystal scintilla-
tion counter, which has good efficiency, but here one
obtains an integral spectrum and it has proved difficult
to get good neutron spectra from differentiating its
pulse-height distribution.

In view of the difficulties involved in measuring fast
neutron spectra onc might look for alternative ways of
measuring cross sections for neutron inelastic scatter-
ing. In many cases the states of a target nucleus that
are excited by inelastic scattering decay by gamma
emission. Since the Nal gamma-ray scintillation spec-
trometer provides fair resolution and good efficiency,
its use is suggesied in measuring the gamma-ray
spectra accompanying neutron inelastic scattering. If
one knows, or can measure, the decay scheme of the
levels involved, then it is possible to deduce the neu-
tron spectrum from the gamma-ray spectrum. In addi-
tion, the gamma-ray spectrum is of great importance
in the design of reactor shields because of the gamma
rays produced in the shields by inelastic scattering of
fast neutrons.

For levels that are high enough to be unstable to
particle emission this method is of little value since the
relative probability of gamma emission is generally so
low that the gamma rays will not be detected above
the background. There are, of course, examples of
unbound levels where particle emission is forbidden,
but these are few. An additional difficulty occurs for
low-lying levels that may be highly internally con-
verted. Since the internal conversion electrons are
largely absorbed in the neutron scatterer, transitions
of this type are difficult to detect. These considera-
tions indicate that the usefulness of gamma-ray

* Los Alamos Scientific Laboratory. This paper is based on
work by: G. L. Griffith, Westinghouse Research Laboratories;
T. M. Hahn, University of Kentucky; F. L. Hereford, Univer-
sity of Virginia; R. M. Kiehn and A. Wattenberg, Massachusetts
Institute of Technology; D. A. Lind, University of Wisconsin;
C. E. Mandeville, Bartol Research Foundation; J. R. Risser,
The Rice Institute; V. E. Scherrer, Naval Research Laboratory;
and R. B. Day, Los Alamos Scientific Laboratory.

spectra in deducing the spectra of inelastically scat-
tered neutrons will be greatest in the lighter elements
and for incident neutron energies below the neutron
binding energy.

In the succeeding sections a description is given of
the various experimental methods that have been used
in the United States for the detection of gamma rays
accompanying neutron inelastic scattering. This is fol-
lowed by a discussion of the problems involved in
measuring the cross sections for gamma-ray produc-
tion and examples of some of the results obtained.

EXPERIMENTAL METHODS

In all of the experiments being reported a Nal(Tl)
scintillation spectrometer has been used as the gamma-
ray detector. In the most common experimental ar-
rangement this detector is shielded from the direct
flux from the neutron source by a cone of suitable
material, such as Pb, W, etc., and is surrounded by a
ring of the element to be investigated (Fig. 1). When
the ring is bombarded by neutrons, the gamma rays
emitted are detected with good efficiency in the Nal
counter. The advantage of this arrangement is that a
greater mass of the scatterer can be used than is possi-
ble in the other methods to be described, while still
maintaining a good gamma-ray detection efficiency
and minimizing gamma-ray absorption in the scatterer.

A second method has utilized the “associated-
particle” technique.? Here the associated particle that
is produced in the source at the same time as the neu-
tron,e.g., thealpha particle in the reaction H3(d,n)He?,
is used to define a beam of neutrons falling on the
scatterer. A coincidence between the associated par-
ticle detector and gamma-ray detector indicates that
the inelastic event has been induced by a neutron com-
ing directly from the source. This method is very use-
ful in reducing the background from room-scattered
neutrons and from neutrons produced in other places
than the source reaction. Its usefulness where these
arc not the important sources of background is cor-
respondingly reduced.

Since the associated particle method is difficult to
use with the reactions H3(p,n)He?® or Li’(p,n)Be’ as
as the neutron sources, a collimator, such as the one
described by Stelson and Preston,? can be used to ob-
tain a well-defined beam of neutrons. The difficulty
here is that the collimator may alter the primary neu-
tron spectrum; however, experiments indicate that
the number of neutrons degraded in energy is less than
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Figure 1. A typical experimental arrangement employing the ring
geometry

10 per cent. It is also necessary in measuring cross sec-
tions to consider the increase in neutron flux produced
by scattering from the walls of the collimator, but this
can be measured rather easily.

In many cases the greatest contribution to the back-
ground of the gamma-ray detector arises from neu-
trons that are scattered from the scattering sample
into the detector, where they produce gamma rays by
inelastic scattering, capture, etc. One way of eliminat-
ing this effect is to use a second counter to detect the
inclastically scattered neutrons and to require a
co'ncidence between these neutrons and the gamma
rays accompanying them.* Although this procedure
greatly reduces the detection efficiency, it may prove
necessary in cases where the Nal background has a
peak at the same energy as the clement under investi-
gation. Cranberg has suggested that a modification of
the time-of-flight technique might also be used in
eliminating this type of background.

With high neutron bombarding cnergies the pulse-
height spectra are often so complicated that their
interpretation is very diflicult. Battat® has attacked
this problem by employing a three-crystal pair spec-
trometer in investigations of the gamma rays from
neutron inelastic scattering at 14 Mev. Since with this
instrument one obtains just a single peak in the pulse-
height distribution for each gamma ray, the inter-
pretation of the pulse-height spectrum is much sim-
pler than it is for the single-crystal Nal spectrometer;
however, this method suffers the disadvantage of hav-
ing a much lower efficiency than that for the single-
crystal spectrometer.

Because of the backgrounds produced by neutrons,
it is possible to get information on the gamma-ray
spectrum from inelastic scattering only by a detailed
examination of the pulse-height spectrum produced
by the counter. An example of the background effects
to be found® is shown in Fig. 2, which gives the pulse-
height distributions produced in a Nal counter by
neutrons of various energies. The counter was set up
as shown in Fig. 1 and surrounded by a graphite ring,
which for these neutron energies will produce no
gamma rays. Thus, the spectra of Fig. 2 are due
entirely to the room background and to effects pro-
duced by neutrons scattered into the Nal crystal by
the ring. From a comparison of the two curves for a
neutron energy of 2.64 Mev it can be seen that over
half the background is caused by neutrons from the
scatterer.

When a scattering sample of the element to be inves-
tigated is substituted for the graphite ring, the pulse-

height spectrum produced by the inelastic scattering
gamma rays is superimposed on the background spec-
trum discussed above. An example® is shown in Fig. 3,
which gives the pulse-height distribution for Teflon
(CF3). The characteristic photopeaks produced by
gamma rays from F'?are identified; the other peaksare
background or Compton peaks. It will be observed
that for strong gamma rays, such as the two low-
energy ones shown in Fig. 3a, the signal to background
ratio is fairly good, hence the intensity of those lines
can be easily measured.

The question of the optimum size Nal crystal re-
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(CF.). The photopeaks of the g rays produced in F'¥ are identified

by their energies in Mev. The amplifier gain has been changed in the
two pulse-height distributions

quired to maximize the signal 1o background ratio has
not been completely settled. Since the gamma-ray
cross section of Nal is greater than the total neutron
cross section, one would think that a small crystal
would be best. This is undoubtedly true at low gamma-
ray energies; however, at higher energies the enhance-
ment of the photopeak by multiple Compton scatter-
ing in the crystal may be great enough for large
crystals to overcome their disadvantage of relatively
larger neutron absorption In most cases it appears
that large crystals have been preferred, perhaps be-
cause of their higher detection efliciency.

GAMMA-RAY ENERGY MEASUREMENTS
AND ENERGY LEVELS

With Nal scintillation spectrometers used in experi-
ments on radio-nuclides it has been possible to meas-
ure gamma-ray energies to better than one per cent
accuracy. Although the background conditions are less
favorable in ncutron inelastic scattering experiments,
this accuracy is often possible here because the high
counting rates often found for neutron excitation of
gamma rays permit good statistical accuracy to be
obtained in the pulse-height distribution. It has been
found possible for many gamma rays occurring in
neutron inelastic scattering reactions to reproduce the
position of the photopeak to within a few tenths of a
per cent; thus the determination of the energy of the
gamma ray is limited by the accuracy with which the

pulse-height versus energy calibration is known.

- Techniques for eliminating the effects of any non-

linearity in the amplifier and pulse-height analyzer
are easily applied. In addition, one must also consider
the possibilities of non-linear effects in the crystal and
photomultiplier. These effects can be taken into ac-
count by a careful pulse-height calibration with
gamma rays of known energy.

From a comparison of the measured gamma-ray
energies with level energies already known from other
experiments it is often possible to identify the levels
that are excited by neutron inelastic scattering, and
thus to deduce the neutron spectrum. For those ele-
ments where the spectrum is complicated because of
the existence of several isolopes or many levels this
identification is greatly aided by accurate energy
measurements. The availability of separated isotopes
in quantities of the order of ten grams or more is also
of value here. For example, Sinclair” has been able to
show by using an iron sample enriched in Fe®%. That
the 1.41-Mev gamma ray observed in iron originates
in Fe%. This had already been suspected from the
systematics of the energy levels in even-even nuclei.®

As an example of the results obtained, Table I lists
the gamma rays observed for a number of elements.®
Most of these gamma rays were excited by neutrons
of 2.56 Mev, although in several elements where the
energy of the first level was known to be higher than
2.56 Mev, neutrons of encrgy up to 7 Mev were used.
Note that a few cases of (#,p’v) and (»,a’y) reactions
have been observed here.

The results on Bi are particularly interesting since
it has not previously been possible to obtain informa-
tion on the excited states of Bi?'® from other reactions
or from radioactive decay. The accuracy of the meas-
urements is such as to exclude the possibility that the
two lower-energy gamma rays are in cascade from a
2.6 Mecv level. Furthermore, the excitation functions
for these gamma rays, to be discussed later, show that
they originate in the decay of excited states at 0.9 and
1.6 Mev. The energies of the inelastically scattered
neutrons are obtained by subtracting the gamma-ray
energies from the incident neutron energy, while the
cross sections for producing these neutron groups are
equal to the cross sections for exciting the gamma rays.

Some results® on inelastic scattering in Ca are also
of considerable interest. Among other gamma rays
observed (Fig. 4) is one of 0.508 + 0.005 Mev, whose
energy is so close to that for annihilation radiation
that there is a strong presumption that it arises from
positron annihilation. [ts intensity is of the order of
one hundred times too great to come from external
pair formation by high-energy gamma rays. Experi-
ments have shown that the half-life of the gamma ray
is less than 0.5 second; furthermore, no positron-
emitting nuclides are known that can be formed by
neutrons of the energy used in these experiments on
calcium. Thus it seems quite likely that this radiation
comes from the decay of positrons emitted in the de-
excitation of a state of Ca'® by nuclear pair emission.
This conclusion is strengthened by the fact that the
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Table 1. Gamma Rays from Neutron Inelastic Scattering. In the Second Column the Isotope Emitting the
Gamma Ray Is Given, Where It Can Be Identified. A Comparison with the Energies Obtained from Other
Reactions and from Radioactive Decay Is Given in the Fourth Column

Element 1sotope Ey (Mev) Comparison Reference
Beryllium Be?® None
Boron Li7 0.478 + 0.004 0.477 .
B0 0.717 £ 0.007 0.719 b
Carbon o2 4.42 4 0.03 4.43 »
Nitrogen hA 2.30 + 0.05 2.3 "
Oxygen O 6.094 + 0.06 6.14 a
Fluorine Fu 0.110 + 0.001 0.110 "
| 0.197 + 0.002 0.197 L
e 1.234 + 0.020
Fe 1.358 + 0.010 1.35 »
| 1.46 £+ 0.03
| 1.56 + 0.03 1.57 .
Magnesium  Mg?* 1.368 + 0.01 1.368 .
Mg® 1.616 + 0.016 1.612 -
Mg 1.820 + 0.018 1.825 -
Aluminum A7 0.166 + 0.003
Al 0,840 & 0.008 0.843 @
VL 1.017 + 0.010 1.013 -
Al 2,21 £ 0.020 2.211 o
Sulfur paz 0.077 + 0.002 0.077 .
S 2.23 + 0.020 2.25 e
Calcium K 0.0275 + 0.0015  0.032 v
Cat  0.508 + 0.005 0.51094 ol
K¢ 0.767 + 0.007 0.768 n
Ko 0.877 £ 0.017 0.8601 o
Ca¥d 1.152 + 0.020 1.16 e
(av®  3.74 £ 0.03 3.731 o
Cat 3.9 + 0.1 3.900 a
Tron Fe' 0,123 £ 0.0012  0.1228 o
Fets  0.847 + 0.008 0.845 f
Fets  1.241 + 0.012 1.24 f

Element Isolope Ey (Mev) Comparison Reference
Fet*+ 1.405 + 0.010 1.413 [
Nickel Ni%®  0.827 + 0.008 0.85 b
Ni® 1.329 + 0.010 1.3325 i
Nif® 1,453 + 0.014 1.453 i
Ni¢®  2.18 + 0.04 2.13 h
Copper Cu®®  0.365 + 0.005 0.37 k
Cu®  0.651 + 0.006 0.669 i
0.764 + 0.010
Cu®  0.958 + 0.010 0.968 i
Cu® 1.110 + 0.010 1.12 k
Cu® 1,325 + 0.010 1.326 i
Cu® 1.41 +0.03 1.410 i
Cu®®  1.47 +0.03 1.49 k
Cu®  1.55 +0.03 1.549 i
(Tuf? 1.88 + 0.04 1.80 !
2.07 £ 0.02
Cu® 2,52 + 0.03 2.60 !
Tantalum Ta't  0.137 4+ 0.002 0.137 m
Ta™t  0.164 + 0.004 0.166 m
Ta't  0.350 + 0.004 0.344 n
Ta™  0.485 1+ 0.005 0.481 n
Lead Ph2e (), 533 + 0.005 0.5375 °
Pbh27 - 0.570 + 0.010 0.570 »
b2t 0.661 + 0.010
Ph2os  (.802 + 0.008 0.8033 n
b7 0.888 + 0.010 0.880 a
Pb2es 1,43 + 0.03
Ph2s  1.73 + 0.03
Ph2or 2,620 + 0.020 2.61425 r
Bismuth Bi2?  0.904 + 0.009
Bi?**  1.615 + 0.016

Bi2® 2,600 + 0.020

» Ajzenberg, ., and Lauritsen, T., Revs. Mod. Phys., 27: 77,
(l955’).

" Craig, Donohue, and Jones, Phys. Rev. 88: 808, (1952).

v [indt, P. M., and Kluyver, J. C., Revs. Mod. Phys. 26: 9§,

(1954).

d Muller, Hoyt, Klein, and DuMond, Phys. Rev. 88: 775,
(1952).

* Alburger, D. k., and Grace, M. A., Proc. Phys. Soc. (Lon-
don) 67A; 280, (1954).

 Sakai, Dick, Anderson, and Kurbatov, Phys. Rev. 95: 101,
(1954).

« Phillips, Gossett, Schiffer and Windham, Bull. Am. Phys.
Soc. 30: No. 3, 55 (1955).

" Nussbaum, Van Licshout, Wapstra, Verster, Ten Haaf,
Nijgh, and Ornstein, Physica 20: 8§55, (1954).

threshold for this line has been found to be at a neu-
tron energy of 3.45 + 0.05 Mev, corresponding to a
center of mass energy of 3.36 Mev. Since the energy
of the first excited state of Ca*® found by Buechner
et al.,’ by proton inelastic scattering was 3.35 £ 0.01
Mev, these results form a strong argument that this
state has zero spin and even parity, in agreement with
the original suggestion of Scharfi-Goldhaber® concern-
ing the nature of this level. These results are also con-
firmed by Bonner ef al.,!* who found nuclear pairs of
3.46 £+ 0.1 Mev from proton bombardment of Ca.

CROSS-SECTION MEASUREMENTS

The problem of obtaining cross sections for reac-
tions of the type discussed here is considerably more

(I(;sl.;i)mlslrnm, Hedgran, and Alburger, Phys. Rev. 89: 1303,
i Schiffer, Windham, Gossett, and Phillips, Bull. Am. Phys.
Soc. 30: No. 3, 55, (1955).
k Siegbahn, K., and Ghosh, A., Phys. Rev. 76: 307, (1949).
' Huber, Medicus, Preiswerk, and Steffen, Helv. Phys. Acta
20: 495, (1947).
(l';il:;ms' T., and Bjerregaard, J. 1L, Phys. Rev. 92: 1579,
" Burson, Blair, Keller, and Wexler, Phys. Rev. 83: 62, (1951).
* Alburger, . E., and Pryce, M., Phys. Rev. 95: 1482, 1954,
* Alburger, D. E., and Sunyar, \. W., Bull. Am. Phys. Soc.
29: No. 8, 28, (1954).
 Mihlich, Schardt, and Segre, Phys. Rev. 95: 1508, (1954).
f Lindstrom, G., Phys. Rev. 87: 678, (1952).

complicated than in many other ncutron reactions,
where all one often needs to know is the relative sen-
sitivity of the detector as a function of neutron energy.
The reason is that one has to make absolute measure-
ments of both the neutron fluxincident on the scatterer
and the gamma-ray yield. Since entirely different
problems are involved in making absolute measure-
ments of neutrons and gamma rays they will be dis-
cussed separately.

GAMMA-RAY YIELD MEASUREMENTS

There are two approaches that have been followed
in making gamma-ray yield measurements in neutron
inclastic scattering reactions. The first is to calculate
the efficiency of the Nal counter as a function of
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peaks of the g rays produced by t inferactions with Ca

are identifled by their energies in Mev; however, in (c) the peaks
identified are the pair peaks of 3.74- and 3.9-Mev gamma rays

energy. This is easily done for a point source if one
wishes the probability for a count to be produced in
the detector. However, because of the background
problems one can generally use only the photopeaks
in measuring gamma-ray yields, hence it is necessary
to multiply the calculated total efficiency by the ratio
of the area under the photopeak to the total area
under the pulse-height distribution. This ratio is gen-
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Figure 5. Photopeak efficiency of a Nal crystal 2.57 ¢cm long and 2.54
cm in diameter for ring sources placed symmetrically about the crystal
as in Fig. 1. The sources were enclosed in toroids of rectangular cross
section with the following dimensions: (a) od = 7.08 c¢m, id = 5.08 cm,
thickness = 1.00 cm; (b) od = 10.16 cm,id = 5.08 cm, thickness = 1,27
cm. The curves have been corrected for self-absorption in the sources

erally obtained experimentally, although some calcu-
lations on it have been performed.'t If one has an ex-
tended source of gamma rays, which is generally the
case in neutron inelastic scattering measurements, the
calculation of the total crystal efliciency is more tedi-
ous, although no more difficult in principle than for a
point source.

The second method is to obtain the counter effi-
ciency experimentally by employing gamma-ray
sources of known strength. A number of radionuclides
with simple decay schemes are suitable for this pur-
pose; e.g., Au'®8, Nb9, Sc'® Na2, It is possible to
measurc the absolute decay rate of these by coinci-
dence or 4r counting. A calibrated source of this kind
can be put in solution and placed in a container hav-
ing the same size as the scattering sample used in the
neutron experiments. The efficiency of the Nal counter
for an extended source can then be obtained directly
without further calculation. An accuracy of five per
cent or better can easily be obtained by this method.
Figure 5 shows the results obtained for a crystal
2.57 cm long and 2.54 cm in diameter for two differ-
ent source sizes.® The fortuitous circumstance that
the photopeak efliciency versus gamma-ray energy is
linear on a log-log plot makes interpolation between
the calibration points quite reliable over the cnergy
range from 0.5 to 2.8 Mev. At higher and lower
gamma-ray energies one must resort to the semi-em-
pirical procedure described first.
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In order to get reasonable counting rates one is usu-
ally forced to use scattering samples for which the
self-absorption of the gamma rays is not negligible.
Calculation of this is made difficult by the uncertainty
in how much to modify the Compton scattering cross
section because of the “poor geometry.” To a first
approximation one might consider the Compton scat-
tering as inelastic scattering which degrades the
gamma-ray energy below the region accepted in the
photopeak of the Nal counter. Gamma-ray transmis-
sion experiments® in a geometry close Lo that used in
the neutron inelastic scattering experiments give ef-
fective Compton cross sections that agrec within a
few per cent with the cross sections calculated from
this consideration. From this work it appears that cor-
rections of 25 50 per cent can be calculated with an
uncertainty of about 1 2 per cent. At low gamma-ray
energies (<200 kev) this simple way of considering
Compton scattering as inelastic scattering no longer
holds, and it is easier to determine the absorption
cocflicients experimentally.

Kiehn and Goodman'? have measured the counter
efficiency and scatterer self-absorption simultaneously
in an ingenious way. After first measuring the yield of
850-kev gamma rays produced by neutron inelastic
scattering from iron shot placed in a suitable con-
tainer, they then coated the shot with a known
amount of Mn®4., Since the gamma ray from Mn® is
very close in energy to that observed in iron inelastic
scattering, they were able to get the product of coun-
ter ciliciency times self-absorption directly. Extra-
polation to other energies and other materials was
made by applying first-order corrections.

NEUTRON FLUX MEASUREMENTS

The problem of making absolute measurements of
fast neutron fluxes is treated in detail in another paper
here.'® Therefore, only a brief discussion of the ones
that have been used in connection with inelastic
scattering measurements will be given. The most
accurate is the *‘associated particle” method. This
method not only aids in reducing the neutron back-
ground but also gives the neutron flux directly. How-
ever the problem of detecting the associated particle
has thus far limited its use to the H*(d,n#)He?* reaction.

The second method of flux measurement depends on
a knowledge of the cross section for the neutron source
reaction. Then if one knows the target thickness and
the intensity of the bombarding ion beam, the number
of neutrons is easily calculated. Because of the uncer-
tainties in the published cross sections, the accuracy
of this method is probably not better than 10 per cent.

The third method makes use of a ncutron detector
that can be calibrated or whose efliciency can be cal-
culated. Examples here are the **counter telescope,”
hydrogen recoil proportional counter, and “long
counter.”' Of these the long counter is the easiest to
use. Since its efliciency is very nearly constant over a
wide energy range, it can be quickly calibrated with
the aid of a neutron source (such as RaBle) of known
strength.

~USA
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Closely allied with the problem of neutron flux
measurement is that of correcting for neutron multiple
scattering in the scatterer. Ordinarily one assumes an
exponential neutron flux distribution in the scatterer;
however, after being scattered once there is often a
good chance that a neutron will be scattered again.
The probability for this depends on the dimensions of
the scatterer and the scattering cross sections. If one
assumes that a plane wave of neutrons is normally
incident on the scatterer, the gamma-ray yields result-
ing from the first and second scatterings can be
written

Fy= No(l—e ) Tin (1)
Vo o= Tin B \0(1 _'_“") (Id
? o, fc dVv I d!l

(A — e myd@dV (2)

where Vg is the number of neutrons incident on the
scatterer, o, and g;, are the total and inelastic scatter-
ing cross scctions, u the total attenuation coeflicient, d
the scatterer thickness, do/d? the differential scatter-
ing cross section, ! the neutron path length to the sur-
face of the ring after the first scattering, and & the
fraction of neutrons that can produce an inelastic
event after their first interaction. Calculations of
successive scatterings become increasingly tedious by
this method; however, detailed Monte Carlo calcula-
tions have shown that P,/ P; is very nearly constant
in many cases (P°; is the probability of the ith colli-
sion). Thus the two equations above are sufficient for
one to calculate the entire effect due to multiple scat-
tering in small samples.

In order to test the accuracy of the calculations out-
lined above, the cross section for producing the 850-
kev gamma ray in Fe has been measured® for a number
of scattering rings of different sizes. Figure 6 shows
the cross section* calculated from Equation 1 plotted
against ring thickness, along with this cross section
after correction for multiple scattering. The agreement
of the corrected cross sections is remarkably good and
indicates that the multiple scattering problem is well
understood. An interesting result of this experiment is
the fact that the correction is appreciable even for the
smaller rings. This indicates that it is not worth while
to sacrifice gamma-ray intensity by making a sample
small in an attempt to avoid the problem of multiple
scaltering corrections.

With suflicient care it is possible in some cases to
measure the cross sections for excitation of gamma
rays in ncutron inelastic scattering to an accuracy of
S per cent. However, the subtraction of backgrounds
often introduces the greatest uncertainty, hence in
most cases a more reasonable figure for the accuracy
of these cross-section measurements is 10 per cent.
This figure applies to the stronger lines that are well
resolved from other gamma rays in a pulse-height

* Since the measurements were made at only one angle, this
cross section is really 4 times the differential cross section at 95
degrees. -
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Figure 6. Cross section for excitation of the 850-kev gamma ray in Fe
by neutron inelastic scattering as measured with rings of different
sizes. The inner and ovter diameters were 5.08 cm and 7.08 cm, respec-
tively, with only the axial thickness being varied. The circles give the
cross sections culculated from Equation 1, while the triangles give these
cross sections after correction for multiple neutron scattering. The solid
curve shows the theoretical variation of the gamma-ray yield caused
by multiple scattering

spectrum. The problem of separating out the back-
ground in a complicated spectrum and ohtaining the
contributions of the less intense gamma rays is often
so difficult that uncertainties as great as a factor of
two can occur.

ANGULAR DISTRIBUTIONS

In order to get the total cross section for exciting a
level by neutron inelastic scattering one must measure
the angular distribution of the gamma rays emitted
during the de-excitation of the level. An exception to
this occurs if one knows that the level has a spin of
0 or 14, in which case the radiation is isotropic. The
problem of measuring the angular distribution is sim-
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Figuu 7. Angular distribution of the 850-kev gamma ray produced by

lastic neutron scattering in Fe. The solid curve is a least squares fit

to the experimental data, corrected for the finite size of the scatterer

and the detector crystal. The theoretical curves were calcvliated from

the Hauser-Feshbach theory, using a complex square well potential with
Vi = 42 Mev, { s shown, and R = 1.45 X 10713A}% ¢m

plified by the fact that it must be symmetric about
90 dcgrees. The reason is that the gamma-emitting
levels are sufficiently narrow so that there is no over-
lapping, hence interference effects cannot occur.
However, in practice it is customary to measure the
angular distribution over as wide a range as possible
in order to be sure that no asymmetries are heing
introduced by the experimental technique.

One method of measuring angular distributions is
to use the ring geometry (Fig. 1) and move the detec-
tor along the axis of the ring to obtain the different
scattering angles. The two disadvantages of this
method are that the angular resolution varies with the
angle of observation and corrections must be applied
for the change of detector efficiency with angle.
However, the method has the advantage over the one
described below of providing higher counting rates
except at small angles. This method has been used by
Day and Walt to measure the angular distribution of
several gamma rays, including the 850-kev gamma
ray from Fe®8. The angular distribution of the latter
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Figure 8. Neutron inelastic scattering by iron as a function of energy. The dashed curves were calculated using the Hauser-Feshbach theory
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Figure 9. Neutron inelastic scattering by Bi as a function of energy. The dashed curve was calculated from the Hauser-Feshbach theory

exhibits terms up to cos* 6, which demonstrates that
the spin of the level is S 2.

A second way of measuring angular distributions is
to rotate the detector about the scatterer. With a col-
limated heam of 1.7-Mev neutrons incident on an iron
scatterer, Lind and Van Loef'* have used this method
to investigate the angular distribution of the 850-kev
gamma ray. Their results are shown in Fig. 7. The
theoretical curves shown here are calculated from the
theory of Hauser and Feshbach,'® modified for a com-
plex square well potential with 1’y = 42 Mev, and
R = 1.4 X 10-1.4* c¢m. It is interesting to note that
the best fit is obtained for ¢ = 0.2, which is much
larger than the value of ¢ used by Weisskopf ¢£ al.'® to
fit the neutron total cross section data up to 3 Mev.

EXCITATION FUNCTIONS

In contrast to reactions involving charged particles,
neutron inelastic scattering usually has an observable
threshold that agrees with the one calculated from the
energy of the level that is excited. This fact is of use in
understanding the decay scheme of various nuclei,
since the approximate energy of the level emitting a
particular gamma ray can be obtained from the
threshold for the gamma ray. An example of this was
given previously for Cat®,

While most of the results on gamma rays from neu-
tron inelastic scattering have been obtained for neu-
tron energies near 3 Mev, there has been some work as
a function of neutron energy. Figures 89 give the
excitation curves obtained by Kiehn and Goodman!?
for Fe and Bi. Although they used scatterers of the
order of a mean free path thick, no corrections were
made for multiple neutron scattering. T'herefore, the
cross-section scale for these curves is expected to be in
error by perhaps 50 per cent. In addition, it is possible
that spurious resonances could appear in the inelastic
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Figure 10. Neutron inelastic scattering by iodine as a function of energy.
The bottom curve gives the sum of the cross sections for the 62-, 208-,
435-, and 632-kev gamma rays. The dashed curves were calcvlated
from the Hauser-Feshbach theory, using a complex square well poten-
tlal with Vo = 42 Mev, { = 0.2, and R = 1.45 X 10~"3AS em



scattering excitation curve as a result of increased
multiple scattering at elastic scattering resonances.
The shape of the curves, however, can probably be
used as a guide to the behavior of the inelastic cross
section with neutron energy.

Some work of this type has also been carried out by
Lind and Van Loef'* using smaller scatterers than
those used by Kiehn and Goodman. Figure 10 shows
their results on the excitation of the low excited states
of 1?7, The dashed curves are theoretical excitation
functions, based on the Hauser-Feshbach theory, for
several assumed values for the spin of these states.
In these calculations a complex square well po-
tential was used, with 'y = 42 Mev, ¢ = 0.2, and
A =145 X 10°134% cm.
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Angular Distributions and Non-Elastic Neutron Scattering

By Martin Walt,* USA

In discussing the interaction of fast neutrons with
nuclei it is convenient to consider separately the reso-
nance and nonresonance energy regions. In the reso-
nance region, which consists of encrgies below several
Mev for very light elements and energies below sev-
cral hundred kev for most heavy clements, observed
quantities such as the total cross-sections, the non-
elastic cross-sections, and the differential elastic cross-
sections show rapid fluctuations with small changes in
energy. The nature of these fluctuations is determined
largely by the characteristics of the compound states
responsible for the resonances. These rapid fluctua-
tions make it diflicult to discuss in general terms the
interaction of neutrons with nuclei in the resonance
region. At higher bombarding energies the widths of
the resonances become comparable to the distances
between resonances, and the observed cross-sections
become slowly varying functions of cnergy. The en-
ergy range where this condition obtains is called the
continuum region.

In the past few years many measurements have been
made in the continuum energy region of the differen-
tial cross-sections for elastic scattering of fast neu-
trons'=7 and of the non-elastic cross-sections.’-"!
These cross-sections showed the expected slow changes
with energy: However, it was also found that the
angular distributions at all energies so far investi-
gated, and the non-elastic cross-sections at energies
above a few Mev varied in a systematic way with the
atomic number of the target nucleus. Tt is possible,
therefore, to describe the differential elastic cross-sec-
tions and the non-elastic cross-sections in rather gen-
eral terms, and in particular to determine the manner
in which these cross-sections vary as a function of
neutron energy and of atomic weight.

The present report will deal with the cxisting data
on angular distributions of elastically scattered neu-
trons and on non-elastic cross-sections in the con-
tinuum energy region.

ANGULAR DISTRIBUTIONS OF ELASTICALLY
SCATTERED NEUTRONS

At low neutron bombarding energies the curves of
differential cross-section plotted as a function of the

* Los Alamos Scientific Laboratory. Including work by: H. H.
Barschall, University of Wisconsin; T. W. Bonner, The Rice
Institute; E. L. Hudspeth, University of Texas; A. S. Langsdorf,
Argonne National Laboratory; S. C. Snowden, Bartol Research
Foundation; J. R. Beyster, J. H. Coon, E. R. Graves, R. F.
Taschek, and M. Walt, Los Alamos Scientific Laboratory.

scattering angle are rather flat except for a single maxi-
mum in the forward direction. As the bombarding en-
ergy is increased this forward peak becomes more pro-
nounced and secondary maxima appear at larger
angles. These secondary maxima move to smaller
angles as the bombarding energy is further increased.
At bombarding encrgies of several Mev a large frac-
tion of the elastic scattering is concentrated in the
small forward angles. This behavior is illustrated for
the case of a heavy element in Fig. 1. The differential

\ 6 MEV

0 (6) BARNS 7 STERADIAN

14 MEV

(o] . 1 ) 0
1.0 08 [+] -0.5 -10

COos &
Figure 1. Differential cross section for elastic scattering of neutrons by
a heavy elgment. The curve at 2.5 Mev is for Bi; the curves at all other
energies were obtained using o Pb scatterer
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cross-section is plotted as a function of the cosine of
the scattering angle at a number of energies beginning
with 600 kev at the top of the graph and ending with
14 Mev at the lowest curve. The vertical scale for
each energy is displaced from those of the adjacent
energics to minimize overlapping of the curves. The
data shown in Fig. 1 have been obtained from several
investigators!—8 under a variety of experimental con-
ditions. Since the angular resolution, energy resolu-
tion, and multiple scattering effects are not the same
for the different experiments, the comparison of the
curves should be limited to the general shapes rather
than to absolute values of the cross-sections. Also,
some of the results shown are still preliminary and
further corrections may affect the absolute values.
The curve for 2.5 Mev was measured using Bi as the
scatterer; the curves at all other energies were ob-
tained with Ph. For the present comparison the dif-
ferences in the cross-sections of the two elements are
not important. The variation in the shape of the curve
with increasing encrgy can be seen to progress from a
relatively flat distribution, peaked in the forward
direction, at 600 kev to a more complicated distribu-
tion at higher energies. The measurements at 14 Mev
did not extend beyond 68 degrees. However, from
measurements of the total cross-section and the non-
elastic cross-section of Pb it has been determined that
probably less than 10 per cent of the elastic scattering
takes place at angles greater than 68 degrees.

At a given energy the differential cross section curve
of an element is closely rclated to the number of nu-
cleons in the nucleus. Elements with ncarly the same
atomic weight have almost identical differential cross-
section curves, while the curves of clements having
very different atomic weights are quite dissimilar. In
Fig. 2 the differential cross sections for elastic scatter-
ing of 1-Mev neutrons by a number of elements are
plotted as a function of the cosine of the scattering
angle. As the number o nucleons in the scattering
nucleus incrcases, the shape of the differential cross-
section curve undcrgoes variations similar to the slow
changes in shape which accompany increasing bom-
barding energy. With increasing atomic number the
shape of the differential cross section curve becomes
more complex, the forward maximum increases in
magnitude, and the sccondary maxima move to
smaller angles. Experiments carried out at 3.7 Mcv??®
and at 4.1 Mev? show that the systematic changes
illustrated in the curves at 1 Mev in Fig. 2 also occur
at higher energics.

The regular variation of the angular distributions
with energy and with atomic weight makes it possible
to approximate the angular distribution of an element
whose differential cross-section has not been measured
by interpolating between curves of neighboring ele-
ments whose cross-sections have been measured at the
same energy. Similarly an interpolation can be made
to obtain a differential cross-section curve at any
desired energy if the cross-section of that element or
neighboring elements has been measured at nearby
energies.

Figure 2. Differential cross sections for elastic scattering of 1-Mev
neutrons by 28 elements

The angular distributions of neutrons elastically
scattered from fissionable elements are of considerable
importance in reactor calculations, and for this reason
results are given in Figs. 3, 4, and 5.78.16

NON-ELASTIC CROSS SECTIONS
The non-elastic cross-section is the cross-section for
all processes except elastic scattering. At low energies
this cross-section is duc primarily to reactions such as
the (n,&) and (n,y) reactions. However, at interme-
diate energies above several hundred kilovolts and be-
low many Mev these reactions are in general small,
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Figure 3. Differential cross sections for elasti ing of 0.5-, 1.0-,

and 2.5-Mev neutrons from U?%
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and the non-elastic interaction consists almost en-
tirely of inelastic scattering processes. Above many
Mev processes such as the (»,2n) rcaction become
important.

Since an inelastic scattering event can occur only
if the neutron energy is greater than the energy of
the first excited state of the target nucleus, non-elastic
cross-sections in the continuum region are small below
a threshold determined by the energy of the first ex-
cited state of the target nucleus. As bombarding en-
ergy is increased above this threshold the non-elastic
cross-section for a given element rises until it ap-
proaches a plateau where it is about one third to one
half the total neutron cross-section at that energy.
The energy at which this plateau is reached is usu-
ally between 3 and 6 Mev. In most of the cases for
which data exists, the inelastic cross-section decreases
slightly in absolute value as the energy is increased
from about 6 Mev to 14 Mev.

Figure 6 illustrates the energy variation of the non-
elastic cross section for a typical case, iron. Thesc
data have been collected from a number of experi-
ments, the references to which are listed on the figure.
Most of the values were obtained by sphere transmis-
sion measurements with monoenergetic neutron
sources. The other points were measured by sphere
transmissions with broad-energy-spectrum neutron
sources, by subtracting measured elastic cross-sections
from the total cross-sections, and by observing the
gamma rays resulting from the decay of excited states
of the residual nucleus following an inelastic scatter-
ing event. The first excited state of the principal iso-
tope of iron is at 850 kev, so that below this value the
non-elastic cross-scction is expected to be very small.
Above this threshold the cross-section rises to a
plateau at about 5 Mev where the value is about
40 per cent of the total cross-section. The value near
14 Mev may be slightly lower than the values near
5 Mev although in this case the experimental errors
are too large to make this decrease definite. Another
example of the variation of the non-elastic cross-sec-
tion with energy is shown in Fig. 7 where the non-
elastic cross-section of Pb is plotted as a function of
energy. The cross-section rises from a threshold at
about 0.5 Mev and passes through a maximum near
7 Mev where it is about 45 per cent of the total
cross-section.

Since the non-elastic cross-sections rise rapidly
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Figure 10. Non-elastic cross section of U23*%
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Figure 11. Non-elastic cross section of U?3®

above a threshold energy determined primarily by the
location of the first excited state, values of the non-
elastic cross-section of different elements measured at
an energy comparable to the threshold values for
most elements would be expected to vary from ele-
ment to element, depending upon whether the thresh-
old for inelastic scattering is near to or far below the
bombarding energy. Figure 8 is a plot of the non-
elastic cross-sections at 1 Mev for 27 elements.!!?
Most of the values, the ones represented by crosses,
were obtained by subtracting the elastic cross-sections
from the total cross-sections; and, due to large un-
certainties in the measurements of the elastic cross-
sections, these points may be considerably in error.
However, they are accurate enough to illustrate the
large differences in the non-elastic cross-sections of
various clements. The values indicated by the open
circles were obtained by sphere transmission meas-
urements and are shown with their probable errors,
It is interesting to note that the non-elastic cross-sec-
tions of the magic number nuclei Sn, Ba, Ce, Pb, and
Bi at A equal to 119, 137, 140, 207, and 209, respec-
tively, are considerably smaller than the cross-sections
of their non-magic neighbors, a phenomenon which
can be explained by the relatively high energies of
the first excited states of these nuclei.

At energies of several Mev, where most elements
have many levels available for inelastic scattering, the
variation of non-elastic cross-section with atomic
weight becomes much less rapid. Figure 9 shows the
non-elastic cross-sections of 15 elements at 4 Mev
neutron energy.*!'® With the exception of Pb and Bi
all observed points lie on a smooth curve, the non-
elastic cross-section increasing with increasing atomic
weight.

Figures 10 and 11 give the non-elastic cross-sections
of U2 and U?¥ at several energies. The non-elastic
cross-section of U2?® is not expected to exhibit the
threshold character shown by other clements since the
fission cross-section, included in the nonelastic, does
not decrease with decreas ng energy.
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The Theoretical Prediction of Neutron Cross-Sections of
Non-Fissionable Elements for Energies up to 10 Mev

By Victor F. Weisskopf,* USA

The exact theoretical calculation of neutron cross-
sections must be based upon our knowledge of the
interaction between nucleons within the nuclei. This
knowledge is not available at present. A great deal of
information is collected in regard to the interaction of
two isolated nucleons. The properties of the deuteron
are quite well understood and analyzed, and the
proton-proton and neutron-proton scattering experi-
ments have established the phase shifts from low
energy up to any energy value which might conceiva-
bly play a role in a nucleus. However, one has not suc-
ceeded in finding a potential depending on the relative
distance, spin and isotopic spin, and which reproduces
the observed phase shifts. Although some promising
progress was made in this direction, it is not possible
at present to incorporate the observed dependence of
the phase shifts on the polarization. -

Even if we had a valid potential for the two-nucleon
interaction, it would be far from sure that the same
potential is active within the nucleus when more than
two nucleons are at distances within the nuclear
ranges. Almost any of the present meson *theories”
of nuclear forces would give rise to a change of
nucleon-nucleon interaction when a third nucleon or
more arc near by, simply because of the mutual dis-
turbance of the meson clouds. Further indications of
this effect are the difficulties encountered in trying to
explain the saturation of nuclear binding energies and
densities on the basis of the observed two-body inter-
actions. It is not established yet whether the latter
contain enough repulsion at the correct range in order
to account for the observed saturation.

The apparent lack of nucleon interaction within the
nucleus, as observed in the shell structure of nuclei
and related phenomena, should not be considered as
an argument for changed (weakened) nuclear forces
within the nucleus. It is possible, though not yet
shown, that these phenomena are consequences of the
peculiar properties of low excited states of strongly
interacting systems of Fermions.

Because of our ignorance in respect to the nature of
nuclear forces within the nucleus, any theory of nu-
clear cross sections must necessarily be phenomeno-
logical and semi-empirical. It must be based upon some

* Massachusetts Institute of Technology. Including work by
C. E. Porter, Brookhaven National Laboratory, and H. Fesh-
bach, Massachusetts Institute of Technology.
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general properties of obstacles placed in the way of
the incident beam, and any more specific theoretical
predictions will of necessity be based upon generaliza-
tions of empirical material.

We define the cross-sections as follows. We con-
sider a neutron reaction:

n+X=V+b (1)

where X is the target nucleus, 1" is the residual nucleus,
and b the emerging particle. ¥ and b are identical to
X and #n in the case of scattering. We introduce the
total cross-section g, which includes every effect that
removes a neutron from the parallel incident heam.
We subdivide it into two parts:

()

the elastic scattering cross-section g, and the reaction
cross-section ¢,. The former includes the processes in
which the residual nucleus is identical to the target
nucleus and also is left in the same quantum state as
the target. This quantum state is always the ground
state. In case the latter is degenerated, because of
non-vanishing nuclear spin, one introduces a channel
spin, which is the combined angular momentum of the
intrinsic spin ¥4 of the incoming neutron and the spin
of the target nucleus. The ela