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We have measured the cross section for inela

stic scattering of neutrons of three energies:

0.3, 0.77 and 1.0 mev by the nuclei of 13 elements: uranium, bismuth, leal, mercury, wolfram,

antimony, tin, cadmium, copper, nickel, iron, aluminum and sodium. For heavy nonmagic
nuclei (uranium, mercury and wolfram), the cross section for inelastic scattering of neutrons

withenergies 0.8 and 1 mev was found to be 1-2

barns, For light and magic nuclei the cross

section for these same neutrons was found to be small, of order 0.1-0.2 barns. In addition,

for incident neutrons with £, = 1 mev, an estim

ate was made of the average energy of the

inelastically scattered neutrons, and the energy levels excited were determined for some

nucle.

1. INTRODUCTION

TFE investigation of the inelastic scattering of

neutrons in the 0.3-1 mev energy region from
nuclei of various elements has great theoretical

~and practical interest. Measurements of the in-
elastic effect are especially important for those
elements which are structural materials for re-
actors. In addition, data from such measurements
are a test of existing theoretical descriptions of
nuclear structure. Unfortunately, the great experi-
mental difficulties associated with such measure-
ments are an obstacle to any complete investigation
of the effect. Thus, up to now, too little effort
has been devoted to the study of inelastic scatter-
ing, whilethe published results are usually very
crude and often insufficiently reliable. The in-
vestigation of inelastic scattering of neutrons of
energy 1 mev and below is especially difficult.
For these energies there are no published data at
present. The present work deals with just this
energy region.

2. METHOD AND ME ASURING TECHNIQUE

As sources, weused photoneutrons from Na-Re,
La-Re andNaeD,0 (see Fig. 1). The inelastic ef-
fect was measured in experiments using spherical
geometry, from the change in the initial neutron
spectrum in the materials under study; the materials
were in the form of spheres (for convenience, they
consisted of two hemispheres) with diameter
D = 230 mm, having a small cavity at the center,
of diameter 50 mm for the neutron sources.

The neutrons were recorded by usingnuclear re-
coils in a spherical ionization chamber filled
with hydrogen or helium. The type of chamber
used depended on the neutron energy: for La-Be
and Na-Be neutrons the me asurements were made
with a helium chamber ( volume 4 liters, pressure

* This work was completed in 1953-1954, The results
were reported at the Geneva International Conference on
Peaceful Uses of Atomic Energy.
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FIG. 1, Neutron spectrum from spherical sources:
a--Na-D,0, b--La-Be, c--Na-Be, used in the
present work. The last two sources are especially
monochromaic. We give, in percent, the fraction of
the neutrons which suffer a single elastic scattering
in the source itself, for each of the source materials.

3 atm), for the Na-D,0 neutrons they were done with
a hydrogen chamber (volume 4 liters, pressure 1
atm). The experiments consisted in measuring the
initial spectrum ( from the source without scatterer)
and the secondary spectrum (from the source placed
at the center of the scatterer ), reduced to the same
time and source distance from the ionization
chamber. Individual pulses from the ionization
chamber were amplified in a type ULZD propor-
tional amplifier and recorded by a twenty channel
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analyzer. The duration of each measurement was
30-60 minutes, during which time we obtained
900-1000 pulses per channel.

To reduce the results to the initial activity, addi-
tional time was added to the duration of each
successive meaurement to correct for the decay of
the source, using the fact that the half life for
Na?% is 14.8 hr, for La'4, 42 hr. The difficul-
ties in measurement arose mainly from the strong
y-radiation accompanying the neutrons, since the
number of y- quanta was approximately 10° times
the number of neutrons. Therefore, the copiously
formed secondary electrons which enter the gas
from the walls of the chamber give rise to a large
background, whose superposition on the neutron
pulses causes a statistical spread in their ampli-
tudes.

To shield the chamber from y-radiation we
placed over the scatterer and auxiliary lead shield
of spherical shape and wall thickness 100 mm
(which produced 100-fold attenuation ).

It was shown by separate experiments that there
is no inelastic scattering in lead in the energy
region from 0.3to 0.9 mev (cf. below). Therefore,
the use of lead as a shield does not introduce
errors into the measurements, and the spectrum of
the source surrounded by only the lead shield may
be taken to be the primary spectrum. Another
method which was used to separate the neutron
pulses from the background of secondary elec-
trons was the introduction into the amplifier cir-

cuit of a differentiating network with low RC,
equal to 3 microseconds.

3. CONSTRUCTION AND OPERATION OF THE
SPHERICAL IONIZATION CHAMBER

A spherical chamber filled with pure hydrogen or
helium is most effective for recording photoneu-
trons. Especially simple in construcsion is the
glass sphericd chamber, silvered on the inside
and coated with a layer of electrolytic copper on
the outside for withstanding high pressures. The
advantages of the spherical chamber over other
types are:

1) small cpecity of the collecting electrode, of
order 5-10 cm;

2) efficiencyindependent of the direction of
incidence of neutrons;

3) optimd raio of chamber wall surface to
working volume, and consequent lower background
from y-radiation producing secondary electrons in
the walls of the chamber;

4) small inductive effect, of the order of 5%,
from positive ions;
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5) constat dfective time for electron collec-
tion, independent of place of formation of charges
in the chamber.

These advantages as well as proper operation of
the spherical chamber are possible only when it
is filled with pure gases with 100% electron col-
lection . Even small impuritiesof oxygen and water
vapor lead to electron attachment which ingeneral
distorts the spectrum to be measured. For this
reason, commercial hydrogen and helium were
purified by passing over copper turnings heated to
300°, and tested for purity by filling a chamber and
observing pulses from polonium o- particles. Only
in pure gases aethe amplitude and the leading edge
of pulses determined by electron collection. In
addition, the effective electron collection time is
the same, about 10 microseconds, independent of
the amount or place of formation of charge; pulses
of different amplitude then differ from one another
only in the slope of their leading edge. This fact
enabled us to introduce into the amplifier a differ-
entiating circuit with RC =3 microseconds, a time
constant which is smaller than the effective col-
lection time for electrons. Such a network pro-
duces almost complete discrimination of pulses
from background. The pulse shape is altered and
the amplitude decreased, but pulses at the output
of the circuit are still proportional to the input
pulses.

The shape of the overall spectrum (spectrum of
recoil nuclei) depends on the chamber filling. We
know that the spectrum of recoils in hydrogen is
uniform in energy for monochromatic incident
neutrons. Unlike the case of hydrogen, the scatter-
ing of neutrons in helium is anisotropicl’2 and
preferentially fore and aft, so that the recoil spec-
trum rises towardthe low and high energy sides.
From an analysis of the spectrum of recoils in a
helium chamber for various neutron energies, we
were able to show that in the 0.3-1.0 mev region
the distributions of recoil nuclei have a common,
approximately straight portion independent of the
energy of the incident neutrons. Thus, for incident
neutrons with energy E, and scattered neutrons
with energy E < E j, the recoil spectra can be
described in general as:

N.(E)~ (A + BE)n(Ey), 1
E,

Ny (E)=~(A+ BE)\ n(E)AE, (2
E

where 4 and B are parameters which can be elimin-
ated by dividing:
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(3)

The spectrum of scatered neutrons is obtained by
differentiating Fq. (3):
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One can see from Figs. 2 and 3 that the aniso-
tropy of scattering in helium is especially large for
energy £, ~ 1 mev, for which the ratio of maximum
to minimum in the recoil spectrum amounts to 2:1
and the effect to be measured is, as a result, more
strongly emphasized. On the other hand, in the
low energy region £, =0.2-0.3 mev the helium
chamber does not have these advantages, and it is
therefore more convenient to use a hydrogen

d
n(E) = — 7z (Na/ N1)- (@)
chamber as neutron detector.
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F1G. 2. Spectra of lead and bismuth. a--Hy-chamber, b,¢c,d--He-chamber;
curves a,b,d taken with Pb (crosses) and Bi(circles); curve ¢ taken only
« with Pb for varying thicknesses: 150, 190, 230 mm. In the region above 0.9
mev we observe inelastic scattering in lead corresponding to an energy level

E =550 + 50 kev.

4. CHARACTERISTICS OF THE PHOTONEUTRON
SOURCES

The energy of the photoneutrons is detemined

by the energy of the y-ray and by the threshold
energy as follows:

E=221(E, Q)+ (5)

Here 3 is the small spread in neutron energies de-
pending on the mgle between the directions of the
neutron and y-ray

]‘!:

2(A—1) (£,—Q)

931A3 ©)

8 = Ey(cos 6)[

~(0.1- 19%) Ey.

In principle, one cen obtain neutrons which are
almost homogeneous in energy, with a small spread

d= i(O.l-l%)Ey. If we assume?® Ey(Na)=276
mev, Ey(La) = 2.49 mev, Q(Be) = 1.63 mev and

Q(D) = 2.18 mev, then the maximum energies of
photoneutrons as given by Egs. (5) and (6) for
each source are, respectively, equal to the quanti-
ties given in TadleI. However, because of the
slowing down of the neutrons in the sources them-
selves, the spread in energy, A, can reach several
percent. ¥or a spherical (Na- Be)~source, made
up of two concentric spheres-~the inner one 30 mm
in diameter containing 13 gm of sodium, and the
outer one a hollow sphere of beryllium with wall
thickness 10 mm, it can be shown that 34% of all
the neutrons are scattered once in the beryllium,
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F1G. 3. Wolfram spectrum. a-- H,-chamber, b and c--He-chamber. a--
Na-D20, b--La-Be, c--Na-Be. Inelastic scattering is observed at all
energies. In particular, for E = 0.3 mev only the first level at 145+ 20

kev is excited.

TABLE I
Spherical Cylindrical
Source EO in mev —_—
E,, in mev Ain % E,, in mev Ain %
Na—Be. . ... ... 1.024-0.003 0.95 ) 0.80 20
La—Be ... . ... 0.774-0.002 0.71 8 0.62 20
Na—D,O . .. .. .. 0.29+40.03 0.26 10 0.22 ‘33

and 3% in the sodium, while the remaining 63% of
the primary neutrons with energy £ = 1 mev emerge
without being scatered. From these data, we can
construct the neutron spectrum, and obtain from it
the average neutron energy E__ (cf. Fig. 1). Table
I gives the characteristics of the spherical »
sources used in the present work, and includes, for
comparison, the characteristics of the cylindrical
sources with which Wattenberg and Hughes
worked3'%. As one sees, the spherical sources

are more monochromatic. Moreover, for the first
two sources, Va- Re and La- Re, the homogeneity
is so great that we can, for practical purposes, take
as the effective energy the maximum energy £
which is 1.0 mev for the Na-Re source and 0.77
mev for the La-Be source.

5. RESULTS OF ME ASUREMENTS AND CALCULATION
. OF o, ’
n

Assuming that because of inelastic scattering
the number of neutrons with the initial energy E.0
decreases exponentially (to be more precise, in
cases where the inelastic effect is large as in
uranium, mercury and wolfram, we must correct /
for the inelastic scattering itself),

NZ (EO) =—]\/1 (Eo) e—nlo, (7

from which we can obtain aformula for computing
o, . '
Gin= 1 nl In

(1/n)1n (N, ), @
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where N /N, is the ratio * of the number of pulses

in the primary and secondary recoil spectra, re-
spectively, with energy E ), and [ is the mean
distance traversed by the neutrons in the scat-
terer, calculated in the diffusion approximation
(where we neglect the volume of the cavity in

which the neutron source is located),

N T B
- 27\1 )\z 7\2 (Rz + 0.7 )‘2)

R , and A, are the scatterer radius and the trans-

(9)

port mean free path in the scatterer, R, and A, are

the radius of the lead shield and the transport free

path in lead.

The errors which are introduced into o, be-
cause of the use of the diffusion approximation for
computing the mean distance traversed and be-
cause of the assumption of exponential attenuation
of the primary spectrum are relatively small. The
errors in 0, because of the corrections for neutron
absorption in the scatterer* and inelastic scatter-
ing in the lead shield are also small.

The significant errors in o, will depend mainly
on the accuracy (5%) with which the primary and
secondary spectra are measured, and on the accur-
acy (10-15%) of the published® values of A. The
combined errors areincluded in Table II.

TABLE II. Inelastic Scattering Cross Section 0,, in Barns

Neutron Energy, E_ 0.3 mev 0.77 mev 1.0 mev
Uranium . . . . . . . . 0.440.1 0.940.3 1.6+0.5
Bismuth . . . . . . . . 0 0 < 0.1
Lead . . . . . .. 0 < 0.1 O.ZiO.i
Mercury,. . . . . . . . 0.140.06 | 0.840.2 1.540.4
Wolfram.. . . . . . . . 0,44-0.2 1.3+0.4 2.64-0.8
Antimony. . - - « « . . . 0 0.440,2 0.740.3
Tin- « - . 0 <01 0.4i0.‘2
Cadmium * © *  © -« - < 01 0.64-0.2 1.04-0.2

......... 0 0 0.2--0.1
Copper® =~ = = T 0 0 2701
Nickel' " * = = | 0 0 0.340.1
}x'ﬁf:ninum L 0 < 0.4 | 0.2F0.1
Aleminum L 0 202 | 0.4%0.2

In addition to the cross sections, whenever it
was possible, we determined from the spectrum of
recoils from the scattered neutrons the energies
of the individual levels which were excited or the
average energy of the inelastically scattered neu-
trons (see Table III). The determination of these
energies can be done very roughly, in the most
favorable case with an accuracy of 172 channels out
of 20, which amounts to 5- 7% of the energy of the
incident neutrons. The energies of some of the
excited levels are given in the summary table, with
this resolution. We determined much more poorly
the mean energy of the inelastically scattered neu-
trons, whose spectra are not measured directly in
the present experiments, but can be gotten only
by graphical differentiation of the recoil spectra
[in accordance with Eq. (4) ], which gives a quali-
tative rather than a quantitative result. The low
energy end of the spectrum of inelastically scat-

tered neutrons is determined especially poorly,so
that we used the convention of setting the average
energy equal to the ‘“‘median’’, i.e., the energy
above and below which half the recoils occur.

For example, in Fig. 2 are given the results of
measurements made with lead and bismuth. It is
apparent that for three of the energies—-0.3, 0.77
and 0.9 mev, the recoil spectra for lead and bis-
muth coincide completely within the limits of error
of the experiments, so that we may assume that
absorption and inelastic scattering of neutrons with
energy below 0.9 mev does not exceed 0.1 barns. In
the region above 0.9 mev (for neutron energy 1 mev)
appreciable inelastic scattering is observed in
lead: the lead spectrum runs lower over the whole
interval from E,= 1 mev to E =0.45 mev. Thus,
we observe a drop in energy equal to 550 + 50
kev, which agrees well with the known energy®
0.6 mev of the first level in Pb2%7. The ratio
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TasLE III
Neutron Energy, En 0.3 mev 0.77 mev 1.0 mev
Uranium . . . . —_ Eav =350 Eav =500
Bismuth . . . —_ — —_
Lead . . . . . —_ — E =550+ 50
Mercury . . . . E > 200 E,= 300 E , =400
Wolfram . . . . E =145+ 20 Eav =400 E.= 550
Antimony . . . —_ Eav =430 Eav =450
Tin . . . . . . — —_ E > 800
Cadmium —_ E v 300 Eav =400
Copper . . . . —_ _ E > 800
Nickel ., . . . _ ~— —
Iron . . . . — — E =800
Aluminum . —_ — E =400+ 50
Sodium . ., . . — —_ E =440+ 50

Note: E is the energy, in kev, of individual levels excited by inelastic

scattering of neutrons; E_
ally scattered neutrons,

Ny/N, =1.1is determined directly from the curves.

Then, neglecting the absorption (0, = 20 milli-
barns), we get

5 = 711[—ln1.l =0.22-0.1 barn,

mn

where n = 0.33 x 1024 nuclei/cm® and [ = 14.7 cm.
As another example, Fig. 3 gives the results for
wolfram. The scatterer consisted of two hemi-
spheres with D =220 mm, filled with powdered
wolfram having a density p =5.47 gm/cm3. It is
apparent that for incident neutrons with £,=0.3 mev
the primary and secondary spectra from the hydro-
gen chamber differ considerably. About 25% of
the secondary spectrum is shifted by more than
100 kev, i.e., some of the neutrons have suffered
an inelastic energy loss in the wolfram. A rough
estimate shows that only one level, the first ex-
cited state with energy E =145 + 20 kev, has
been excited.
The ratio N,/N, = 1.25 was found. Then,
eliminating the absorption (o = 0.09 barns), we get
1

%™

where n = 0.018 x 1024 nuclei/cm® and =24 cm.
The measurements for incident neutrons with £

=0.77 mev were carried out with a helium chamber.

The ratio N /N, = 1.45 was found. Neglecting

In1.25—0.09 =0.4 4-0.2 bam,

is the average energy, in kev, of the inelastic-

absorption (o, =10 millibans), and correcting [
for inelastic scattering, we find

6ia= 7 111.45 = 1.34-0.4 bam

in

where n = 0.018 x 1024 nuclei/em3 and = 16 cm.
An egimate of the average energy of the inelastjc-
ally scattered neutrons gives E__ =~ 400 kev. The
measurements for incident neutrons with E0=1 mev
were also done with a helium chamber. The ratio
N,/N, was 1.4. A factor of 1.1 must be applied to

this ratio to correct for inelastic scattering in the
shield (o =~ 200 millibarns). Then, neglecting

absorption and correcting [ for inelastic scattering
we get-

Sin= —rIn1.4-1.1 = 2.6 4-0.8 bamn

where [ =11 cm. A rough estimate of the average
energy gives E_ =550 kev.

In conclusion, the authors thank A. I. Leipun-
skii for general guidance and interest in the work.
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