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An experimental method for measuring transport and inelastic scattering cross sections
for fast neutrons is described. The cross sections are obtained from poor geometry and back
scattering measurements by use of detector, the energy response of which rises above an adjust-
able neutron energy from zero to an almost constant value. A method of evaluation of the

data is discussed.

1. INTRODUCTION

HE purpose of the work to be described in
the present paper was to measure several
of the quantities which would enable one to
predict the behavior of fast neutrons in an
extended medium, in particular, the reflection of
fast neutrons from a thick layer of material. In
the first part of the paper an elementary theory
of the method used is given, a second part will
describe the experimental results, in a third part
the evaluation of the experiments will be dis-
cussed.

2. DEFINITIONS

The elementary theory to be given in the
present first part of the paper will apply only to
thin scatterers, while in the third part the finite
thickness of the scatterers used will be taken into
account. If the scatterer contains N atoms/cm?

* This paper is based on work performed at Los Alamos
Scientific Laboratory of the University of California under
Contract No. W-7405-eng-36 for the Manhattan Project
and the information contained therein will appear in
Division V of the Manhattan Project Technical Series as
part of the contribution of the Los Alamos Laboratory.

** Now at the University of Wisconsin.

*** Now at the Massachusetts Institute of Technology.

and if the total cross section of an atom for
interaction with a fast neutron is ¢, the following
approximation holds for a thin scatterer:
exp(—No¢) =~1— No.

Since the scattering process may result in a
change of energy as well as direction of the
neutron, the notation ¢(8, E, E¢) will be used to
denote the probability that a neutron of initial
energy E, is scattered into a unit solid angle with
a deviation 8 from its original direction and into
a unit energy range at an energy E. In terms of a
current I,(E,) incident on N scattering centers
per square centimeter and a scattered current
per unit solid angle and per unit energy range
I(9, E, Ey)

0’(0, E, Eo) =I(0, E, Eg)/NIo(Eg)

The total cross section for elastic scattering is
defined by

k3 Eo
oo(Eo) = f f (8, E, Eq)dEde,
0 Eo’

where
dw =27 sinfd6

and E¢ is the maximum energy loss permitted
g
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without excitation of the scattering nucleus. It
is to be noted that E and 6 are not independent.

The cross section for inelastic scattering is
defined for our purpose as

T B
(B, Ey) =f f (0, E, E¢)dEdw
o Yo

which states that the scattered neutron has an
energy less than B. The expression ‘‘total
inelastic cross section” will refer to all energies
of the scattered neutrons as well as all angles:

™ Eo’
Gi(Eo) =f f 0(0, E, Eo)dEdw
0 0

The expression “‘total cross section” will refer to
o(Eo) =0o(Eq) +0:i(Eo).

In order to describe the behavior of neutrons
in an extended medium, it is convenient to use
the transport cross section. The transport cross
section differs from the total cross section in that
the contributions of neutrons scattered through
various angles 6 are weighted according to a
factor (1—cosf). The transport cross section o
is defined as

oi(Eo) = f ’ [04(8, Eo)+0i(8, Eq)](1—cosh)de.

In the present work measurements of the
transport cross section and of the cross section
for inelastic scattering were attempted. An
exact determination of these quantities would
require a knowledge of the distribution in
energy and angle of the scattered neutrons as a
function of primary neutron energy. Such de-
tailed measurements were not made, but the use
of four primary neutron energies and three
angular intervals permits deduction of approxi-
mate values of transport and inelastic cross
sections.

3. PREVIOUS WORK

Many investigations of the inelastic scattering
of fast neutrons and of the angular distribution
of scattered neutrons have been carried out in
the past.

Measurements: of the inelastic scattering of
fast neutrons have been performed using radio-
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active threshold detectors.t? This method has
the disadvantage that not enough radioactive
detectors with different thresholds particularly
in the region up to 3 Mev are available. The
observation of gamma-rays produced offers an-
other way of obtaining information on inelastic
scattering.b3 It is difficult to obtain in this
manner the distribution in energy of the inelas-
tically scattered neutrons or reliable absolute
values of the scattering cross section. The most
complete information on the distribution in
energy of inelastically scattered neutrons can be
obtained by observing hydrogen recoils in a
cloud chamber* % or in a photographic plate. The
only drawback of this method is the large amount
of work required in evaluating the results.

The most complete study of the angular dis-
tribution of scattered fast neutrons was carried
out by Kikuchi, Aoki, and Wakatuki® who
found a strong forward maximum for the scat-
tering of 3-Mev neutrons by heavy elements.
Their measurements, however, do not enable one
to distinguish between elastically and inelas-
tically scattered neutrons.

Qualitative information on inelastic scattering
has been obtained by measuring the distribution
in energy of recoiling alpha-particles in an ioniza-
tion chamber.” The method described in the
present paper uses a similar technique. Instead
of helium, hydrogen or deuterium serves as the
detector gas in order to avoid the effects of the
resonance in helium around 1 Mev?® which affects
both the scattering cross section and the angular
distribution of the recoils.® The method used in
the present work enables one to obtain more
quantitative information about the inelastic
scattering than the previous work.

1 D. C. Grahame and G. T. Seaborg, Phys. Rev. 53, 795
(123\7\/&: D. Allen and C. Hurst, Proc. Phys. Soc. 52, 501
(12§2?'Aoki, Proc. Phys. Math. Soc. Japan 19, 369 (1937);
I. Nonaka, Phys. Rev. 59, 681 (1941).

1;3ES') Hudspeth and T. W. Bonner, Phys. Rev. 53, 928
( 5H. F. Dunlap and R. N. Little, Phys. Rev. 60, 693
(I%LSI.).Kikuchi, H. Aoki, and T. Wakatuki, Proc. Phys.
Math. Soc. Japan 21, 232, 410, 656 (1939).

7H. H. Barschall and R. Ladenburg, Phys. Rev. 61, 129
(1984I~2I)..Staub and W. E. Stephens, Phys. Rev. 55, 131
(19931?1).. H. Barschall and M. H. Kanner, Phys. Rev. 58,

590 (1940); T. A. Hall and P. G. Koontz, Phys. Rev. 72,
196 (1947).



CROSS SECTIONS FOR FAST NEUTRONS PART 1

4. DETECTOR

To determine the distribution in energy of the
scattered neutrons a threshold detector was used.
The ideal threshold detector would count all the
neutrons above a given adjustable energy with
the same efficiency. No such detector is available,
but a gas recoil detector may be used to approxi-
mate this condition in the following way: an
ionization chamber or proportional counter is
filled with a light gas (hydrogen or deuterium)
and the stopping power of the gas is chosen so
that the range of the recoiling gas nuclei is small
compared to the dimensions of the counter. The
recoil pulses are amplified by means of a linear
pulse amplifier and all the pulses above a given
size are counted. The energy corresponding to a
minimum pulse height which is counted will be
referred to as the bias energy B. If the scattering

of the neutrons by the detecting gas is isotropic

in the center of mass system the sensitivity of the
counter will be proportional to ¢(E)[1— (B/E)],
where o(E) is the total scattering cross section
of the detector gas.!® For the case in which ¢(E)
is proportional to E~%, as is approximately true
for hydrogen over a wide range of energies, the
theoretical energy sensitivity of the detector is
shown in Fig. 1. As may be seen from Fig. 1,
the energy above which neutrons are counted is
not well defined, a fact which will lead to con-
siderable uncertainty in the meaning of ¢:(B, Ey).

5. GEOMETRY

Two kinds of measurements were carried out,
poor geometry and back scattering experiments.
The experiments using poor geometry employed
the arrangement shown in Fig. 2. A circular disk
scatterer of radius a was placed half-way between
the source and the detector. As was first pointed
out by R. F. Christy, if the neutron source is
isotropic, there is a compensation between scat-
tering into the detector from some disk elements
and scattering out of the neutron beam by
others such that a decrease corresponding to the
scattering of all neutrons from 6,, to = is ob-
served, where 6, represents the maximum angle
through which a neutron can be scattered by
the disk (edge) and reach the detector.

10 H. H. Barschall and H. A. Bethe, Rev. Sci. Inst, 18,
147 (1947).
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Let Q be the number of neutrons emitted by
the source per unit solid angle and per second
and consider single elastic collisions. The current
scattered into a detector of unit area is

0m
1= (QN/4D2)f c(0)dw

with 6,,=2 tan—'(a/D). The current received by
a detector of unit area subtending a solid angle
of 1/4D? at the source is reduced by the inter-
position of the disk. This reduction arises from
the scattering out of the beam by the portion of
the disk within the solid angle, so that the current
at the detector from the reduced direct beam is

I,= (Q/4D2)[1 _N f a(@)dw]
0
and the net current
I=I,+1,= (Q/4D2)[1 ~Nf a(())dw],
0

Q/4D*=1, is the current at the detector without
the scatterer. Hence the above relation may be
written, for a disk thin compared to the scattering
mean-free path, in the exponential form as

follows
I/Io=exp(—Nf U(O)dw).
Om

This result will be called the Christy theorem.

It is possible to vary 6, by varying D and in
this way to measure the angular distribution of
the scattered neutrons. Experiments were carried
out for values of 6, of 30° 60° and 90°. The
accuracy of this method for measuring angular
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F1G. 1. Theoretical sensitivity of hydrogen detector as a
function of neutron energy.
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F16. 2. Scattering geometry for poor geometry experiments.

distributions is affected by the need to take dif-
ferences. In computing the transport cross section
the errors will cancel, however, to a certain
extent, since the differences are added again after
they have been multiplied by the appropriate
weighting factor.

For 6,>90° the method becomes very inac-
curate because the transmission is very close to
unity. Therefore the scattering into the back
hemisphere was investigated by observing the
reflected neutrons. As the number of reflected
neutrons is small compared to the number of
neutrons coming directly from the source, it is
necessary either to shield the detector from the
direct neutrons by means of a shadow cone or
to use a directional detector. The shadow cone
defines an annular ring on the disk scatterer from
which neutrons may be reflected so that these
measurements are equivalent to measurements
using ring scatterers. That this is so was checked
by ring-disk comparison and by moving the
detector off the scattering axis to explore the
extent of the shadow.

6. SOURCE

Experiments were carried out for neutrons of
0.2-, 0.6-, and 1.5-Mev energy using the Li(p, )
reaction and at 3 Mev using the d—d reaction.
The assumption of an isotropic neutron source
made in deriving the Christy theorem is valid
neither for the Li(p, #) nor for the d-d reaction.
Both sources deviate from spherical symmetry
both in intensity and in energy. The effect of

this asymmetry can be made to cancel by an -

appropriate choice of the direction of the scat-
tering axis (line through target, center of disk
and center of detector) with respect to the bom-
barding ions. In Fig. 3 the axis of symmetry
S-D makes dn angle o with respect to the in-
cident ions. The angle ¢ is the azimuth of an
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element of the scatterer with respect to the plane
defined by the ion beam and the axis S-D, and
a is the angle between the direction of the proton
or deuteron beam and that of a neutron emitted
from the target. The Christy theorem is valid if
the neutron intensity averaged over ¢ is inde-
pendent of 6.

For scatterers consisting of heavy nuclei the
energy of the elastically scattered neutrons is,
within the accuracy of the measurements, the
same as that of the primaries. The sensitivity of
the detector for elastically scattered neutrons as
a function of ¢ and @ can therefore be measured
directly by moving the detector around the
source. Let R(a, B) be the response of the de-
tector for a bias energy B at a constant distance
from the source. The variation of R(«, B) is due
to the dependence of both intensity and energy
on «, and, therefore, depends on the bias B. The
response of the detector as a function of 8 and ¢,
R(6, ¢, B), may be obtained from R(e, B) by
using the geometrical relationship between the
angles:

cosa = Cosay COs 0+ sinay sin 6 cose.

The Christy theorem holds, provided
2m
RO, B=0/20) [ RO, 0 B)de
0

is independent of 6. If R(a) can be expressed as
R(a) = c¢1+ca cos’a, the integral is independent of
6 for tanao=V2, and if R(e) is a linear function
of cosa, the integral is independent of 6 for
C\!()=90°.

The anisotropy of the Li(p,n) reaction for
0.2-Mev neutrons is so great that it was not
possible to find any angle ay for which R(6) was
not a rapidly varying function. Therefore no
experiments for which the Christy theorem had
to be used were carried out at that energy.

For 0.6-Mev neutrons from the Li(p, n) reac-
tion B(6) was found from the measured functions
R(a, B) to be constant within 5 percent at
ao=60° so that «y=60° was chosen for the
experiments.

For 1.5-Mev neutrons from the Li(p, n) reac-
tion no angle ay was found for which RB(6) was
independent of 6. For ay=40° the variation of
R(6) with 6 was smallest, but even for this angle
corrections had to be applied.
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To denote cross sections measured in various
geometries the angle 6,, for the geometry used
will be written as a subscript, i.e., og denotes
the cross section measured in the geometry for
which 6,,=60°, and is computed from the rela-
tionship

180°
Iso/To=exp(— Nogo) =exp[—N a(ﬁ)dw],
. 60°

where I and Iy denote the neutron intensities
measured at the detector with and without the
scatterer in the 60° geometry. For o3 the cor-
rection for asymmetry of the source is negligible.
In order to correct the measured values of g
and oy, these cross sections should be replaced by
corrected values og* and o90* according to

oe0* = 0’30+18(¢Tﬁo“‘ 030),

o90* = 0'60*_*"')'(0'90"'0'60)7

where

5:[ 7o) sinodo] / l f " R(ao) sin@de],

30° 30° .
90° _ 90°

7=[ f R(6) sinede] / [ f R(ao) sinﬂd@],

60° 60° R

For the 3-Mev neutrons from the d-d reaction
ao=60° was chosen for most of the experiments.
This choice was based on the fact that the angular
distribution of the D(d, p) H? reaction may be
expressed as ci+ce cos’a. This would suggest
ao=>55°. Since the dependence of the detector on
energy will probably introduce a term in cose,
the somewhat larger value of 60° was used.

The correction for the scattering by light
elements is more involved. Even if the source
were spherically symmetric, the response of the
counter for elastic scattering would vary with the
scattering angle because of the recoil energy loss.
In order to compute this correction the energy
and the intensity distribution of the source must
be known. The energy of the emitted neutrons as
a function of @, E(a), may be computed using the
laws of conservation of energy and momentum.
The distribution in angle of the neutrons from
the source Q(a), may be determined from the
measured function R(a) and the measured energy
sensitivity of the detector using E(e).
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The coefficients g8 and +y for light elements are

6=l * Q(0)8(6) sianO]/

. 30°

[ fs 6:” () S(0) sineda],

0

v= [ Q(6)8(6) sinﬁde] /
90°
[f Q(0)S(0) sinﬁdﬁ],
where %

() = (1/27) f 0(a)de,

and S(0, ¢) is the response of the detector to
neutrons emitted in the direction (6/2, ¢) and
elastically scattered into the detector with an
energy loss depending on 6, S(0) =R(a) is the
response of the detector to neutrons which are
emitted in the direction a9 and have not lost
energy by recoil.

7. EVALUATION

In the evaluation of the measurements the
following assumptions or approximations were
made:

(a) ¢:(6) is independent of 6. This assumption appears
reasonable from theoretical considerations. There is some
experimental evidence that the inelastic scattering is
isotropic (cf. reference 7). The assumption did not lead to
any contradictions in the evaluation of the data.

(b) Neutrons are considered as scattered elastically if
they are detected at the highest bias used in the experi-
ments. Since some neutrons may lose little enough energy
in inelastic collisions to be counted at the highest bias
some inelastic scattering may be included in the cross
section for elastic scattering.

The cross section ¢,(6) is approximated by
three average values in the following three

Proran O3]
%27 Creer

F1c. 3. Geometry used in scattering experiments.
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angular intervals: 30° to 60°, 60° to 90°, 90° to
180°. The value for the interval 90° to 180° was
taken as that measured in a back scattering
geometry corresponding to an average angle of
135°. There is some experimental evidence, how-
ever, that the elastic back scattering may not
be isotropic. The assumption that the scattering
cross section for 135° is characteristic for the
whole back hemisphere may, therefore, be in
error. The contribution to the transport cross
section of ¢,(0) for 0°< 0K 30° was neglected.
This does not introduce any appreciable error,
even if there is considerable forward scattering,
since

o

30°
}f (1—cosb) sinfdb =0.0045
0

or less than § percent of the integral over all

values of 6.

In the evaluation of the data the difference
between the cross sections for two values of 6,
is first corrected for the asymmetry of the source
and the energy loss in the case of light elements.
From the corrected values of the differences,
corrected values of g and gy are determined
which are used in the subsequent calculations.

The next step in the evaluation is the calcula-
tion of the cross section for inelastic scattering.
This may be obtained in several ways: from the
transmission data alone, from the back scat-
tering, and from a comparison of transmission
and back scattering.

From the measured cross sections for back
scattering at various biases, ops, the cross sec-
tions for inelastic scattering are obtained as first
differences. Although the measurements of back
scattering included only a specific angle in the
back hemisphere, opg is computed to refer to a
47 solid angle.
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A comparison between the cross section for
6, =90° and the cross section for back scattering
may be used to obtain values for the cross section
for inelastic scattering for the following reasons.
The value o9 measured at a bias B is the sum
of the cross section for scattering of all neutrons
into the back hemisphere and the cross section
for neutrons scattered into the front hemisphere
with an energy such that they are not detectel
at the bias B. The cross section for the scattering
of neutrons into the back hemisphere with an
energy above the bias B is %ops. Therefore
o90— 30y is the cross section for the scattering of
neutrons below the bias B, and allows one to
obtain fairly reliable values for the inelastic
scattering.

The average of the inelastic scattering ob-
tained from opg and from go—3ops was taken
as the most reliable determination of ¢; The
transmission data were then adjusted to give the
bias effect corresponding to the previously cal-
culated inelastic scattering. The adjustments
necessary were in almost all cases within the
experimental error of the measurements.

The value of g490— Lo pg for the lowest bias used
yields the sum of the cross sections for inelastic
scattering below the lowest bias and for absorp-
tion.

The transport cross section was obtained. by
adding for a given bias the contributions of the
three angular intervals, weighted according to
(1—cos8), and the cross section for inelastic
scattering below the same bias. The transport
cross section, according to its definition, is
independent of the bias.

This method of evaluation assumes that a
neutron is scattered only once in the scatterer.
A method of evaluation taking into account
multiple scattering will be given in the third part
of this paper.



