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LEGAL NOTICE

This report was prepared as an account of Govern-
ment sponsored work. Neither the United States, nor the
Commission, nor any person acting on behalf of the Com-
mission;

A. Makes any warranty or representation, express
or implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this report,
or that the use of any information, apparatus, method, or
process disclosed in this report may not infringe privately
owned rights; or

B. Assumes any liabilities with respect to the use
of, or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in this
report,

As used in the above, '"person acting on behalf of the
Commission' includes any employee or contractor of the
Commission to the extent that such employee o1 contrac-
tor prepares, handles or distributes, or provides access
to, any information pursuant to his employment or con-
tract with the Conimission.

Printed in USA. Charge 35 cents. Available from the
U. S. Atomic Energy Commission, Technical Information
Service Extension, P. O, Box 1001, Oak Ridge, Tennessee.
Please direct to the same address inquiries covering the
procurement of other classified AEC reports.
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ABSTRACT

Differential cross sections for elastic scattering at
2.5, 4.1, and 7.0 Mev neutron energies and non-elastic
cross sections at 2.5 and 7.0 Mev neutron energies have
been measured for U?®, These data and other experi-
mental information for U2 have been utilized in the
selection of parameters for a complex potential well
representation of the nucleus. This nuclear model has
then been used to calculate nuclear penetrabilities and
elastic scattering, compound nucleus formation, and
transport cross sections at neutron energies from 25 kev
to 18 Mev.
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1. INTRODUCTION

Cross sections for the interaction of fast neutrons with uranium are
of considerable value in calculating the behavior of multiplying assemblies.
Of particular interest are the differential cross section for elastic scatter-
ing and the non-elastic cross section, which is defined as the total cross
section minus the elastic cross section. For fissionable elements, there-
fore, the non-elastic or inelastic collision cross section is the sum of the
cross sections for all capture, fission, and inelastic scattering processes,
including such reactions as (n,y), (n,fission), and (n,n’). The purpose of
this report is to present, in a convenient form for reactivity and shielding
calculations, the available data on the angular distributions of neutrons
scattered by uranium and on the non-elastic cross sections.

The measurements of these cross sections for uranium were performed
in conjunction with a series of experiments on a number of non-fissionable
elements. The experiments with the non-fissionable elements are described
in Refs. 1 and 2; however, the uranium work has not been published
previously. In Section 4 of this paper the available data are interpreted in
terms of a complex potential well?® and the parameters of the well are ad-
justed to give agreement with experiment. Calculations with these chosen
parameters are also made at intermediate energies to obtain ‘‘interpolated’’
values of the cross sections at energies where experimental values do not
exist.

2. DIFFERENTIAL CROSS SECTION FOR ELASTIC SCATTERING

The experimental values of the differential cross section for elastic
scattering of neutrons by uranium are indicated by the circles in Figs. 6,
8, 11, 12, 13, and 17. The experimental techniques used to obtain these
results are described in Refs. 1, 2, and 4.

The analysis of the data for fissionable elements differs from that for
non-fissionable elements only in requiring a correction for the fission
neutrons produced in the scattering sample. This correction is negligible

APPROVED FOR PUBLI C RELEASE
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at 1 Mev, where the fission cross section is small, and at 7 Mev, where
only a small amount of the fission spectrum lies above the detection thres-
hold of the counter. At the intermediate energies of 2.5 to 4 Mev, where
the effects of fission neutrons are appreciable, corrections were made by
two independent methods.

In the first method, the apparent increase in the observed differential
cross section for elastic scattering caused by the presence of fission spec-
trum neutrons was computed by the expression

gV L]
£
> J, s® NE dE

where o, is the fission cross section, v the average number of neutrons
emitted per fission, S(E) the energy sensitivity of the neutron detector, and
N(E) dE the flux of neutrons between energy E and energy E + dE in the
fission spectrum. The angular distribution of fission neutrons was assumed
to be isotropic to a first approximation at 2.5, 4.1, and 7.0 Mev in agree-
ment with the experiments of Brolley et al.® and J. S. Fraser® and with
measurements of this distribution at 0.5 and 1.0 Mev’ and 3.0 Mev.?

The second method of correcting for fission neutrons was suggested by
H. H. Barschall and is described as follows. If the bombarding neutrons
are of energy E, and the counter used to measure the scattered neutrons
has a detection threshold at A, where A < E , the threshold of a second
counter is set at B, where B > E;. The cm?nts at threshold B are due to
high-energy fission neutrons and the number of counts C(B) obtained in
counter B during a run is proportional to the number of fissions occurring
in the scattering sample. If the incident energy is lowered below A, the
ratio of fission counts C’(A) in counter A to the fission counts C’(B) in
counter B can be obtained. The number of fission counts recorded by
counter A during a run in which elastic scattering is measured is then

Cc’'A)
C’'(B)

C@®B)

Both of these correction methods require the assumption that the
fission neutron spectrum does not change appreciably with incident neutron
energy. However, the second method does not require a knowledge of the
fission cross section, the average number of neutrons released per fission,
or the angular distribution of fission neutrons. The corrections obtained by
the two methods were in good agreement.
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3. NON-ELASTIC (INELASTIC COLLISION) CROSS SECTIONS

Non-elastic cross sections for uranium were obtained by two methods:
(1) by subtracting measured elastic cross sections from total cross sections
and (2) by the sphere transmission technique. The first method is discussed
for non-fissionable elements in Refs. 1 and 4, and the methods of correct-
ing for fission in the scattering sample are given in Section 2 of this
'report. The second method for determining non-elastic cross section, the
sphere transmission technique, is discussed in Reference 2. These meas-
urements also had to be corrected for the sensitivity of the detector to
fission neutrons originating in the uranium spheres. The methods of
making this correction are equivalent to those given in Section 2 of this
report and are also discussed in LA-1939.° The cross sections obtained by
the two methods are in good agreement.

The available data on the non-elastic cross section of U%¥ are indi-
cated by the triangles in Fig. 1. The solid curve that passes through most
of the experimental points is a calculated curve of the cross section for
compound nucleus formation and is discussed in Section 4. The cross
sections measured at 2.5 and 7.0 Mev neutron energies have not been re-
ported previously. The remainder of the experimental information is given
in Refs. 7 and 9.

4. OPTICAL MODEL CALCULATIONS

Recent calculations? have shown that rather accurate values of the
total cross section, the differential elastic scattering cross section, and
the non-elastic cross section can be obtained from an optical model
potential that contains parameters evaluated by comparison of theory and
experiment. This ability of the theory to reproduce experimental data
suggests a means of obtaining reasonable estimates of these cross sections
at energies where experimental information is not available. If the ad-
justable parameters of the theory are chosen so that the calculated cross
sections agree with existing measurements, then calculations with these
same parameters should provide an excellent method of interpolating be-
tween existing data and extrapolating to energies where experiments have
not been performed.

The radial variation of the nuclear potential used in these calculations
is given by

APPROVED FOR PUBLI C RELEASE
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Vo(l +1¢g)

V) = 1)

oo

where V., is the well depth, ¢ is the absorption parameter, R is the
nuclear radius, and a is the diffuseness parameter.

The values of the parameters given in Table I were adjusted to fit
the experimental differential elastic cross section at 0.5, 1.0, 2.5, 4.1, 7,
and 14 Mev, and the total cross section and non-elastic cross section as
functions of energy. The measurements on total differential scattering
cross sections for U?¥® (Langsdorf et al.¥) were also considered in as-
signing the parameters at neutron energies below 1.0 Mev. Although R
and a are constant with energy, Vo and { are somewhat energy dependent.
The Table I parameters are similar to those that give a good description
of the scattering of fast neutrons by bismuth.

The total neutron cross sections computed with the Table I parameters
are shown in Fig. 1. The experimental points of Henkel et al.!! are also
shown. The calculated cross sections agree to within 10 percent with the
experimental data over the entire energy range.

The differential cross sections for shape-elastic scattering that were
calculated by using the potential of Eq. 1 are indicated by the solid and
dashed curves in Figs. 2 through 17. Experimental cross sections shown
at various neutron energies are the sum of the shape-elastic scattering
and compound-elastic scattering cross sections. The dash-dot curves
shown in Figs. 2 through 10 were obtained by adding an estimate of the
compound-elastic scattering cross section to the calculated shape-elastic
cross section. The differential cross section for compound-elastic scat-
tering was assumed to be 1/47 times the difference between the calcu-
lated cross section for compound nucleus formation and the observed non-
elastic cross section. When only a solid or dashed curve is shown, the
effect of compound-elastic scattering is negligible. The total elastic
scattering cross sections obtained by integrating calculated differential
elastic scattering cross sections agree to within 10 percent with experi-
mental results.

Although reasonable agreement between theory and the experimental
data has been attained, the valleys in the angular distributions are not fit
very well by the calculations. This effect has been observed for other
elements and may possibly be caused by the neglect of spin-orbit forces
and nuclear deformations in this model.

Calculated cross sections for compound nucleus formation, o , are
shown by a solid curve in Fig. 1. The experimental non-elastic cross
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Ep
(Mev)

0.025
0.05
0.10
0.25

0.50
0.75
1.0
15

2.0
2.5
3.0
4.1

5.0
6.0
7.0
8.0

9.0
10.0
11.0
12.0

13.0
14.0
18.0
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TABLE I

PARAMETERS FOR OPTICAL MODEL POTENTIAL AND THE CALCULATED

1013R

8.05
8.05
8.05
8.05

8.05
8.05
8.05
8.05

8.05
8.05
8.05
8.05

8.05
8.05
8.05
8.05

8.05
8.05
8.05
8.05

8.05
8.05
8.05

A"
(Mev)

ERER RRRR

44

44
43.7
43

43
43
43
43

43
42.5
42.5
42

42
42
42

¢

0.05
0.05
0.05
0.05

0.05

0.062
0.075
0.075

0.075
0.075
0.075
0.075

0.083
0.091
0.1
0.1

0.1
0.1
0.1
0.1

0.1
0.1
0.1

PENETRABILITIES FOR U?%®

1013,

0.5
0.5
0.5
0.5

0.5
0.5
0.5
0.5

0.5
0.5
0.5
0.5

0.5
0.5
0.5
0.5

0.5
0.5
0.5
0.5

0.5
0.5
0.5

Ty

0.078
0.11
0.15
0.22

0.28
0.37
0.46
0.50

0.54
0.56
0.59
0.62

0.68
0.73
0.78
0.81

0.83
0.84
0.85
0.86

0.87
0.88
0.89

Ty

0.012

0.03
0.08
0.24

0.48
0.65
0.77
0.89

0.95
0.98
0.98
0.97

0.97
0.96
0.95
0.93

0.91
0.89
0.87
0.86

0.85
0.84
0.82

T,

0.0
0.0
0.002
0.015

0.054
0.12
0.20
0.30

0.38
0.43
0.48
0.54

0.63
0.70
0.77
0.81

0.84
0.85
0.87
0.88

0.89
0.90
0.89

Ty

0.0
0.0
0.0
0.001

0.015
0.06
0.16
0.46

0.73
0.86
0.92
0.94

0.90
0.87
0.86
0.83

0.82
0.81
0.80
0.80

0.79
0.79
0.79
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T,

0.0
0.0
0.0
0.0

0.0
0.0
0.003
0.015

0.04
0.09
0.14
0.29

0.46
0.63
0.78
0.87

0.92
0.93
0.95
0.95

0.94
0.93
0.87

Ts

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.006

0.021
0.05
0.09
0.21

0.29
0.37
0.45
0.51

0.55
0.60
0.64
0.67

0.70
0.73
0.83
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sections are shown by triangles. At energies below 2.5 Mev the compound
nucleus cross section exceeds the non-elastic cross section because an
appreciable fraction of the compound nucleus decay proceeds by the entrance
channel (compound-elastic scattering). Between 7 and 14 Mev neutron
energies, where no experimental data exist, the non-elastic cross section
is assumed to equal the calculated cross section for compound nucleus
formation. A slightly better estimate of this quantity than the solid curve
is given by the dashed curve. For this estimate the ratio of the compound
nucleus to the total cross section is calculated using the optical model,
and this ratio is multiplied by the experimental total cross section. This
curve of compound nucleus formation cross section can be used to a good
approximation for other heavy fissionable nuclei, such as U3, U2%, and
Pu?®, A realistic upper limit on the inelastic scattering cross sections of
these elements can then be found by subtracting the fission and capture
cross sections from the curve of o,.

The experimental transport cross sections shown in Fig. 1 are defined

by

Ll
otr = fo oel () (1 —cos 8) dQ + one (2)

where o0e](9) is the measured differential cross section for elastic scatter-
ing (shape-elastic plus compound-elastic scattering) and ope is the measured
non-elastic (inelastic collision) cross section. The curve of transport

cross section in Fig. 1 is obtained from the optical model calculations by
the formula

T
otr = fo ose(o) (1—cos 6) dQ + oc (3)

.

where o_ (9) is the differential cross section for shape-elastic scattering
se
and o, is the cross section for compound nucleus formation.

These two methods of defining the transport cross section give iden-
tical results regardless of how much compound-elastic scattering occurs.
The only requirement is that compound-elastic scattering be symmetrical
around 90 degrees. The calculated values shown by the solid curve are
in reasonable agreement with experiment.

For many applications it is important to know what fraction of the
compound nucleus formation cross section is due to a particular partial
wave. For this purpose transmission coefficients or penetrabilities TJZ (E)

- 10 -
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were determined routinely d the course of the optical model calcu-
lations. Ty (E) is related to o0&, the cross section for compound nucleus
formation due to a partial wave of angular momentum £, by

crf = @4+ 1) T Ty(E)

The Ty (E) values for £ <5 are listed in Table I. The maximum .& used
in the calculations of the total, compound, and differential elastic scattering
cross sections is also given.
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o, BARNS

Fig. 1 Cross sections for U?3. Circles are measured total neutron cross
sections; the curve was calculated using the parameters of Table
I. Squares are measured transport cross sections; the curve is
calculated. Triangles are measured non-elastic cross sections;
the solid curve is the calculated cross section for compound nucleus
formation. The dashed curve, based on measured values of the total
cross section, is a better estimate of the non-elastic cross section.
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Fig. 2 Differential cross sections at 25 kev. The solid curve is the
calculated shape-elastic scattering cross section; the dash-dot
curve is the shape-elastic plus an estimate of the compound-
elastic cross section.
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Fig. 3 Differential cross sections at 50 kev.
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Differential cross sections at 250 kev. The solid curve is the
calculated shape-elastic scattering cross section; the dash-dot

curve is the shape-elastic plus an estimate of the compound-
elastic cross section.
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Fig. 6

Differential cross sections at 500 kev. Experimental values are
from Ref. 7. The solid curve is the calculated shape-elastic
scattering cross section; the dash-dot curve is the shape-elastic
plus an estimate of the compound-elastic cross section.
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Fig. 7 Differential cross sections at 750 kev. The solid curve is the
calculated shape-elastic scattering cross section; the dash-dot
curve is the shape-elastic plus an estimate of the compound-
elastic cross section.
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elastic scattering cross section; the dash-dot curve is the shape-
elastic plus an estimate of the compound-elastic cross section.
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Fig. 9 Differential cross sections at 1.5 Mev. The solid curve is the
calculated shape-elastic scattering cross section; the dash-dot
curve is the shape-elastic plus an estimate of the compound-
elastic cross section.
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Differential cross sections at 2.0 Mev. The solid curve is the
calculated shape-elastic scattering cross section; the dash-dot
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elastic cross section.
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Fig. 13 Experimental values of differential cross section at 7 Mev are
from the present work. The solid and dashed curves are
calculated differential cross sections for elastic scattering.
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12 and 13 Mev.
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Fig. 17 Experimental values of differential cross section at 14.1 Mev
are from Ref. 12. The solid and dashed curves are calculated
differential cross sections for elastic scattering. Scale left
through 43 degrees, scale right for remainder of curve.
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