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NEUTRON CROSS SECTIONS FoR 239y anp 238y

IN THE ENERGY RANGE 1 keV TO 14 MeV
by
J.=-J., H, Berlijn, C, C. Cremer, and R. E. Hunter

ABSTRACT

Recommended cross sections for 235U and 238U are
presented. Comparisons of calculated and experi-
mental values of integral systems were used as a
guide in choosing the fits to microscopic cross-

section data.

I. INTRODUCTION

This report presents the results of a
compilation of the available experimental
dats on the neutron-induced reaction cross
sections for uranium isotopes, with the ob-
Jective of providing consistent sets
sections for neutronics calculations

of cross
in fast
critical and supercritical systems. Because
of the neutron flux spectra in these very
fast systems, cross sections at incident
neutron energies of 1 keV and lower are rela-
tively unimportant. Cross sections are pre-

sented from 1 keV to 14 MeV.

Extensive comparisons were made with a
host of integral experiments, such as bare
and reflected critical assemblies, spectral
indices, and central core reactivity contri-
butions.1 Each of these comparisons provided
a further check on the experimental data, and
in some cases led to alteration of the previ-

ously chosen best fit to the data.

Several compilations of experimental
and theoretical neutron cross sections al-
ready exist whose authors have recommended
"best fits" to the data presented. The
experimental uncertainty of these data is
usually about 5% or greater, and variations
in these fits may justifiably be made with-

in this uncertainty. However, there exist
many integral experiments such that certain
choices of these fits to the data le¢ad to
calculations of the integral quantity which

lie outside the range of experimental error.

A good example is the critical mass of
93.5% enriched uranium which was measured
The critical
mass is known to within + 0.1%.
the uncertainty of £ 5% in the fission cross

235U leads to a calculational

in the Lady Godiva assembly.

However,

section of
uncertainty of * 12% in the critical mass,
It is believed that the calculational tech-
niques available on modern computers are
capable of calculating the critical mass of
this assembly to %= 0.2%.
ments such as this may therefore be thought

Integral experi-

of as placing one more constraint upon the
"hbest fit"” to the microscopic cross-section
data.

The purpose of this report is to pre-

sent such a set of recommended data which
has been tested over a range of integral
experiments and which has been found to
give agreement within experimental error
for all such integral quantities that have
It is not intended that

these curves should be considered as being

been calculated.



a refinement on the experimental data, or
"better” in some nebulous sense than the
experimental data, nor do the authors con-
tend that the experimental uncertainty in
All that

is claimed is that these recommended curves

the data has been somehow reduced.

represent a particular set of fits to the
experimental data which is consistent with
the integral experiments.

that this
recommended set of curves is not unique.
it is felt that it represents a
useful step in the processing of neutron

It is recognized, of course,

However,

cross-section data for use in neutronics
calculations. Indeed, the cross-section
user may often find that to achieve the
accuracy required of his calculations a
normalization of this type is essential,
Needless to say, the final element of re-
sponsibility for checking one’'s calculations
against those experiments which bear most
directly on the problem under study must
still fall on the user,

In this respect it should be noted that
the sensitivity of the calculations of inte-—
gral experiments to variations in the cross
sections within an energy range is propor-
tional to the total flux within that energy
range. Since all integral experiments used
in the above tests were performed on fast
assemblies, confidence in the recommended
curves is highest in the range 0.1 to 6 MeV,
and drops at both the low and high ends of
the energy range.

This report is not intended to repre-
sent a comprehensive compilation of experi-
mental data, with best fits to these data
Rather,
initial input to calculations for compari-
son with the series of integral experiments
as described above. These results were then
used to modify the initial best fits in such
a way that consistent results were obtained
for all calculations.

alone, the best fits were used as

Attempts were made to
keep these modifications within the experi-
mental errors on the data. In fact, for

the cross sections presented in this report,

4

these modifications were approximately 3% or
less, except where noted.

The calculational techniques used in
computing the integral experiments were
carried to the point where numerical and
calculational approximations introduce er-
rors which are comparable to, or less than,
the experimental errors on the integral

quantities.

These calculations and comparison with
the integral experimental results are de-
scribed in detail in the authors’
LA-3529.1

report

II. CALCULATIONAL PROCEDURE

The energy region of interest extends
from 1 keV to 14 MeV, Over this region the
cross sections of importance are:

total cross section

%n,T
fission cross section TLF
4
elastic scattering cross
section %hn
4
inelastic scattering cross
section On. n?
H]
radiative capture cross
section %n y
4
n,2n cross section %n.2n
4
n,3n cross section %nh.3n
4

To accurately represent the final-state
neutron spectra, it is desirable to repre-
sent the fission cross section as the sum

of three cross sections:

[+ o]
+ n

0n,F 0n,f ,n' f + n,2nf"*
Oh ¢ will denote the direct fission cross
’

section, with % the total fission cross
, Al

F
section.

The cross-section data, along with
neutron energy and angular distributions,
were processed by a digital computer pro-
gram which calculated a flux-weighted aver-
age of each cross section over a specified
set of energy groups. These group cross
sections were then employed in a calculation
using the Carlson discrete Sn approximation
to the Boltzmann transport equation to test
the cross sections with integral experi-

ments. The microscopic data were then



adjusted where necessary to give agreement
For details
of the calculational techniques, the reader
is referred to LA-3529.

with the integral experiments.

III. URANIUM-235

For the well-established cross sections,
no attempt has been made to catalog every
report on the subject; rather a reference is
given to an already existing compilation.
Individual reports are referenced if they
are not included in such a compilation.

A, Total Cross Section

235U was

essentially based on the compilations of
Stehn et al.,3 and
Between 1 and 10 keV the data
given in Stehn et al., are not plotted be-
cause of the great number of points and the

The total cross section for

Hughes and Schwartz,2
Parker.4

apparent structure of the cross section.
The recommended curve in that energy region
follows an average of those points.

B. Elastic Scattering Cross Section

The elastic scattering cross section
was based on the compilation of Stehn et al.,
as well as the best fit curves given by
Schmidt5 and by Parker. 1In addition, the
data of Smith6 between 30 keV and 1.5 MeV
were used.,

C. Fission Cross Section

The total fission cross section was
taken from Hughes and Schwartz, Stehn et
al., Parker, and White.7 The threshold for
°n,n'f was taken to be 6 MeV. Above this
energy, the direct fission cross section,

The thres-
n,2nf was taken to be 11.5 MeV,
assumed to be constant above

From the total fission cross-
section curve in Fig. 3 (at the end of this
report), one can see that these thresholds
correspond to sharp increases in the total
fission cross section, and that immediately
below these thresholds On,F is tending to-
ward a constant value.

O, g+ was taken to be a constant.
14
hold for ©

D, n,2n and n,3n Cross Sections

o]
n, 2n

and Schmidt.
were used to construct smoothly varying

and o were taken from Parker

n,3n
The curves from these reports

curves which generally follow the recommen-
dations of the two authors. The energy dis-
tribution for these processes is described

in Sec. III-H.

E. Radiative Capture Cross Section

The radiative capture cross section was
computed, using the experimental data for
the fission cross section and the capture-
to-fission ratio, a, as given in the compi-
lations of Parker, Hughes and Schwartz,
Stehn et al., and Schmidt. In order to ob-
tain better agreement with reflected criti-
cal assemblies, the capture cross section
was chosen high with respect to the mean of
the experimental data. However, these mea-
surements have a quoted uncertainty of 15 to
20%, and the recommended curve lies well

within this range.

F. Inelastic Scattering Cross Section

We can write

g = g

o o
n,T n,F + +

n,n n,y
(1)
+ 0n,n' + ch,2n + c;1,3n'
so that
c - C - g
on'n‘- n,T n,F n,n =
2
-0 -0 -0
n,y n, 2n n,3n°

Equation 2 was used to establish the general
behavior of the total inelastic scattering

The inelastic scattering cross section
in reality, a sum of cross sections for
excitation of residual nuclear levels.
These partial cross sections, as they will
be called, have characteristic shapes. The
235U were obtained from
Baranov et al.8 and Horsch.9 The partial

cross sections were then constructed in

is,

energy levels of

such a manner that their sum was consistent
with On n' 88 determined from Eq. 2.
’



The final-state neutron energy spectrum,
was measured by Cranberg at 0,55, 0,98, and
2 MeV.:"'0 The measurements at 0.98 and 2 MeV
are in good agreement with statistical theo-
ry. Rather than specify the partial cross
sections for the very numerous levels above
200 keV, these levels were combined to give
the partial cross section for the "statisti-

cal model.” (See Section III-G.)

G. Neutron Energy Distributions for
Evaporation Processes

As stated above, the energy distribution
of secondary neutron from inelastic scatter-
ing at 980 keV was in good agreement with
statistical theory. The resulting energy
spectrum may be fit well by an evaporation
formula of the form:

o~ E/T

E
F(E) = ~ (3)
T2

where T characterizes the nuclear tempera-
ture.

The spectra measured by Cranberg at
0,98 and 2,0 MeV can be fit with tempera-~
tures of 0.35 and 0.4 MeV, respectively,
At 14.3 MeV, Vasilev et al.ll
the spectrum of all secondary neutrons fol-
lowing a fission event.

have measured
These include evap-
oration neutrons from (n,n’f) and (n,2nf)
The spectrum was fit with Eq. 3
to represent prefission evaporation neutrons,
The

reactions.

plus a fission spectrum representation.
temperature for the evaporation component
was found to be 0.37 + 0,04 MeV.

12 performed a similar

experiment for 14-MeV neutrons in which the
spectrum of all secondary neutrons was mea-

Zamyatnin et al,

sured, The evaporation component of the
(n,2n), and (n,3n)

neutrons in addition to prefission evapora-

spectrum included (n,n’),
tion neutrons. The temperature which best
fit the spectrum for all evaporation neutrons
was found to be 0.4 £ 0,05 MeV,

It appears that the energy distribution
for all evaporation neutrons can be adequate-
ly fit with a temperature of 0.4 MeV for in-
cident neutron energies between 2 and 14 MeV.

Although the temperature for separate pro-
cesses, such as (n,n’) and (n,2nf), may
differ in detail, when all evaporation pro-
cesses are combined a constant temperature
above 2 MeV seems to be adequate. With re-
spect to neutronics calculations, the only
requirement is that the overall spectrum
be correct. We have therefore assigned one

temperature to all evaporation neutrons.

The n,n' spectrum measured by Cranberg
at 550 keV is not well fit by an evaporation
calculation alone. The best fit appears to
result from a combination of an evaporation
spectrum plus discrete lines from scatter-
ing from low lying levels.

If the excitation energy of nuclide A
is given by EI, and the energy of the inci-
dent neutron in the lab system is given by
E, then, on the average, the final neutron
energy after an inelastic collision is given

by E*
2 A+1)\ 71
el

TE—E. (4)

1+ )72

{Efinal}i -

The spectrum at 550 keV was fit with
an evaporation spectrum with T = 0.25 MeV,
plus contributions due to discrete levels
below 200 keV, with the final state energy
for discrete levels calculated from Eq. 4.
The curves of partial cross sections shown
in Fig. 6 reflect the weight given to the
evaporation spectrum, The curves for the
discrete levels deviate (at energies above
about 500 keV) from the measured excitation
curves; an increasing fraction of the exci-
tation curves at higher energies is contain-
ed in the "statistical model” cross section.
Again, the only requirement for neutronics
calculations is that the overall spectrum
be correct, and this is achieved by the
above procedure, with the choice of temper-
atures as follows:



E T
(MeV) (MeV)
0. 20 0. 20
0.55 0.25
0.98 0.35
2.0 0.4

14 0.4

H. Number of Neutrons per Fission

The curve of the mean number of final-
state neutrons per fission, v, was obtained

from the data of Mather et al.,13

Diven and
Hopkins,14 16

Meadows and Wha.len,15 Sowerby,

and Moat et al.,l7 along with the compila-
tion of Stehn et al. These data can be fit
to a linear term in energy over three sec-
tions of the energy region as follows:

v = 2,420 + 0.112 E (MeV),

0S5 ES 3,0 MeV

<
"

2.199 + 0,185 E (MeV),
3.0 SE S 8,0 Mev

<
H

2.898 + 0.98 E (MeV),
8.0 SE S14 Mev

I. Fission Neutron Energy Distribution

The values of ¥ in the above section
include all fission neutrons. However, we
have separated the total fission cross sec-

tion into three quantities:

n,F = %n,2 ¥ %n,nte ¥ On,2ng°
One neutron from g, n'f and two neutrons
1

from o are treated as evaporation neu-

n, 2nf
in the sense of the statistical model

described above.

trons,
The fission neutrons are
then regarded as

] On,f + (v=1) ©

¥=2)0

n,n'f + ( n, 2nf

and are distributed according to the final-

state prompt fission neutron energy spec-

trum, This spectrum was measured by Vasilev

et al.,ll Zamyatnin et al.,12 Cranberg et

18 19 20
Grundl and Usner, Grundl,

Skarsv8g and Bergheim.21 The spectrum has

been fitted by a Maxwellian distribution:

al., and

2 1 1/2 -E/T
8(E) *{ﬁ— ;372 E e (5)

and by the well known sinh law:

-w/T -E/T
1 f b4 (2w E)
B(E) = ——e e sinh ~Sp—~
wu}Tf £
(6)
where Tf and « are parameters. The errors

are generally such as to preclude a clear

5 and 6. For consist-
the authors have used Eq. 5 to fit all
experimental distributions,

choice between Egs.
ency,

‘The best fits to the data of Cranberg
et al, and Grundl are obtained for T =1, 29
MeV (for incident neutrons of thermal energy).
give 1,297 MeV at thermal
and provide a good compilation of
other experimental values for this quantity

Barnard et a1.22

energy,

for various isotopes at different incident
energies., The data of Vasilev et al.ll at
14.3 MeV and that of Zamyatnin et a1.12 at
14.0 MeV can be fit with Eq. 5 for T = 1,39

MeV and T = 1,38 MeV, respectively.

It was assumed that T(E) is a smoothly
varying function of E, A theoretical ex-

1,23 who

pression for T(E) is given by Terrel
obtained a function relating the nuclear
temperature to v ¢

T(E) = A + B [V(E) + 1]1/2. (7)

From the functional relation in Eq. 7, with
T (thermal) = 1.29 and T (14 MeV) = 1,39, a
With this
curve to specify T as a function of the in-
the final-state fis-
sion spectrum neutrons were distributed
according to Eq. 5.

curve of T versus E was obtained,

cident neutron energy,

The prefission (evaporation) neutrons
from the (n,n’f) and (n,2nf) processes were
distributed in energy according to the sta-
tistical model, which is described in Sec.
III-H.

For 235U,

ratio of the prefission evaporation neutrons
to all fission neutrons and obtained the
value 0.16 £ 0,02, This compares with 0,18
obtained with the assignments of ¥, On,f'

and 0n,2nf Zamyatnin
measured the ratio of fission spectrum

Vasilev et al. measured the

O ot £? as given above.,’
1

et al.

neutrons to all secondary neutrons, excluding

7



elastic scattering, and obtained 0,68 *+ 0,06
for this ratio. This compares with 0.76 ob-
tained from the recommended curves given in
this report.

J. Delayed Neutrons

23
24

5U have
and by
From their measure-

The delayed neutrons from
been measured by Bonner et al.
Batchelor and Hyder.25
ments, a curve of the relative number of
delayed neutrons as a function of energy
10.
The total delayed neutron fraction is given
by Keepin26 to be 0.0064., This fraction
was distributed as a function of energy

10,

was constructed and is given in Fig.

according to the curve in Fig.

K. Angular Distributions

The experimentally measured differential
elastic scattering cross sections were fit
with the expression

don n %n.n 10
= - Tw |1t 2 (8)
where Pi(u) are the gegendre polynomials,
and w=cos Y, Smith gives Wl - Ws between
300 keV and 1.5 MeV, These values were sup-
plemented with the wi from angular distri-
butions at 0.5, 1.0, and 2,0 MeV obtained
from Goldberg et a1.27 Above 2,0 MeV, the

values for wi for 235U were extrapolated to

1 wi pi(l-'-) '

intercept smoothly the corresponding curves
238y  yhich are described in Sec. IV-K.

In order to calculate reflected critical

for

assemblies it was necessary to slightly lower
the Wl curve with respect to the experimental
data., For further details see LA-3529,

Nonelastic reactions were assumed to
have isotropic angular distributions.

L. Recommended Curves

The cross-section curves for 235U,

along with the Legendre coefficients for
don'n/dQ, are shown in Figs. 1 through 10,
The experimental data from the above refer-
ences are also plotted on these graphs. No
attempt is made to identify the sources of
the individual points. The cross sections
are tabulated in Table I.

IV. URANIUM-238

The bare critical assembly used in com-
parison of the uranium cross sections con-
tained only 5.25% of 238U,

insensitive check of these cross sections.

giving a rather

Thus the primary integral comparisons were
made with spectral indices,
and critical assemblies
of natural-uranium-reflected plutonium and

central replace-
ment measurements,

enriched uranium,

A, Total Cross Section

For the total cross section, Ege data

given in the compilation of Parker are
used.
B. Radiative Capture Cross Section

The data of Hughes and Schwartz, Stehn

28

et al., Parker, and Barry et a1.29 were

used for ¢ o
n,”

The radiative capture cross section is
given in Fig. 12. The solid curve gives the
best fit to the data, with the more recent
data being weighted more heavily than the
other points.
were compared with the results as calculated
by the authors.1
discrepancies with °h

Various integral experiments

These revealed serious
which include spec-
tral indices, criticaiity measurements on
reflected assemblies, and core reactivity
contributions, among others, Hansen30 has
indicated a similar difficulty in calculat-
ing these integral quantities with the ex-

perimental data as given above,

The dotted curve in Fig. 12 was con-
structed in an effort to obtain better agree-
ment with these integral measurements. Agree-
ment with the integral experiments was great-
ly improved by lowering the capture cross
section as indicated. An alternative curve,
also in agreement with the integral experi-
ments, is given by the dashed line in Fig.
12, indicating the freedom allowed within
the bounds of the integral experiments. An
infinite set of curves can be drawn, using
properly chosen combinations of the dashed
all of which will
essentially give agreement with the integral

measurements.

curve and the dotted curve,



Table I
TABULATED CROSS SECTIONS FOR 25°U IN BARNS
Energy p g g a g g
(MeV) n,F n,n n,y n,n’ n, 2n n,3n
0.0010 7.0 13.50 3. 50 - - -
0.0015 6.20 14.07 2.75 - - -
0. 0020 5,58 14.19 2.36 - - -
0.0025 5.22 14.01 2,11 - - -
0. 0030 4,97 13.81 1.91 - - -
0. 0040 4,38 13.39 1.64 - - -
0.0050 3.93 12.96 1. 49 - - -
0. 0060 3.63 12. 66 1,38 - - -
0, 0070 3.42 12.26 1.30 - - -
0, 0080 3.28 11.84 1.23 - - -
0. 0090 3.12 11.57 1.18 - - -
0.010 3.01 11.24 1,14 - - -
0.015 2,63 11.40 1.01 - - -
0.020 2.46 11,54 0.95 - - -
0.025 2,33 11,30 0. 90 - - -
0,030 2.23 11.08 0.86 0,035 - -
0. 040 2.10 10.74 0.79 0. 093 - -
0.050 1.98 10.35 0.75 0.109 - -
0. 060 1. 88 10. 10 0,68 0. 190 - -
0. 070 1,80 9.75 0.63 0.273 - -
0. 080 1.74 9.60 0.592 0.350 - -
0.090 1.69 9.45 0.553 0.398 - -
0.10 1,64 9.35 0.521 0. 440 - -
0.15 1.50 8.55 0.417 0. 588 - -
0. 20 1. 40 7.95 0.347 0,625 - -
0.25 1,33 7.40 0.300 0.650 - -
0.30 1.28 6.90 0.261 0.665 - -
0. 40 1.19 6. 20 0. 206 0. 690 - -
0.50 1,14 5. 55 0. 193 0. 740 - -
0.60 1.13 5. 00 0. 183 0.83 - -
0.70 - 1.13 4,70 0.171 0.91 - -
0.80 1. 14 4.52 0.154 1. 00 - -
0,90 1.15 4.30 0.139 1.08 - -
1.0 1.17 4.07 0.121 1.17 - -
1.5 1.21 4,01 0.065 1,38 - -
2.0 1.28 4,23 0.042 1.51 - -
2.5 1.25 4,55 0.030 1,63 - -
3.0 1,18 4.85 0.023 1.69 - -
3.5 1. 10 4.87 0.018 1.72 - -
4.0 1,05 4,82 0.015 1.76 - -
4.5 1.05 4,62 0.012 1.78 - -
5,0 1.05 4.37 0.010 1. 80 - -
5.5 1,06 4.14 - 1.79 0.015 -
6.0 1,08 3.99 - 1.70 0.090 -
6.5 1.35 3.85 - 1.27 0. 302 -
7.0 1.59 3.65 - 0.90 0. 450 -
7.5 1,69 3.49 - 0.73 0. 488 -
8.0 1.77 3.35 - 0.63 0.526 -
8.5 1.81 3. 14 - 0. 545 0.566 -
9.0 1.83 3,09 - 0. 480 0.600 -
9.5 1.82 3.00 - 0. 437 g. ggg -
10,0 1.81 2,96 - 0.412 . Z
- 0.398 0,690
10.5 1.80 2,92 o o7 -
11.0 1,80 2, 89 - 0.389 0.697 -
11.5 1,80 2.92 - 0.380 .
- 0.372 0. 600 -
1oe 186 308 - 0.361 0. 510 0. 008
13.0 1.95 3,08 - 0.349 0.410 0.020
13°5 2,07 3. 12 - 0.338 0, 270 0, 040
. . : - 0.328 0. 130 0. 060

14.0 2,18 3.16



it should be noted that none
of these curves can be drawn so as to remain

However,

within the experimental errors on the cross-
Thus, there
is an unresolved discrepancy between the in-

gsection data at all energies.

tegral measurements and the experimental
cross-section data.

This subject is discussed in some de-
tail in Ref. 1, which presents the results
of several comparisons. In the absence of
any experimental indication of the source of
the dotted curve in Fig.
12 is recommended for calculations of fast
assemblies. This is admittedly a somewhat
arbitrary choice from the family of curves
described above, and does not constitute a
claim on the part of the authors that the

rise in % y
4

C. Inelastic Scattering Cross Section

this discrepancy,

around 1 MeV does not exist.

A technique similar to the one described
in Sec. III-F was used in constructing the
inelastic scattering cross section, Energy
levels were taken from the data given by
Stehn et al.,> 28 ,nd Smith,>?!

gave values for the partial cross sections.

Parker, who
The partial cross-section curves as given
in this report were chosen such that a
smoothly varying total inelastic cross sec-
tion as a function of energy was obtained.

Total inelastic cross-section measure-
ments were also given by Batchelor et a1.32
and by Hanna and Clarke.

Above 1.2 MeV, the inelastic scattering
cross section was described by the statisti-
cal model.

D. Neutron Energy Distributions for
Evaporation Processes

As was discussed in Sec. III-G, the
energy distribution of neutrons from all
evaporation processes can be described by
Eq. 3 with a single temperature for all re-
actions. Values of the nuclear temperature
were obtained from Vasilev et al.,ll Zam-
12 Parker,28 Batchelor et

All levels

yatnin et al,,

al.,32 and Hanna and Clarke.

10

above 930 keV were included in the statisti-
cal model cross section, which is used to
describe the entire spectrum above 1.2 MeV,
The values of T were chosen to be

E T
(MeV) (MeV)
1.0 0, 26
4,0 0. 45
7.0 0.54
14 0,55

E. Fission Cross Section

The fission cross section was taken
essentially from the data of Stehn et al.,3
Schmidt,5 and Hanna and Clarke.33
Thresholds for On,n’f and n,2n are 5,3 and
12. 83 MeV, respectively. Above the On,n’f
was taken to be a constant.

Parker,28

threshold, On. ¢
4
Above the 0n,2nf threshold, both On,t and

o} ,  Were taken to be constant.
n,n’f

As a test of these assignments, the
ratio of all evaporation secondary neutrons
to the total number of secondary neutrons
was calculated. This ratio was found to be
0.48, which compares to 0.49 * 0,05 as mea-
sured by Zahyatnin et a1.12 The ratio of
fission evaporation neutrons to all fission
neutrons was found to be 0,15, as compared
to the value of 0,21 + 0,02 given by Vasilev
et a.l.11

F. n,2n and n,3n Cross Sections

Values for the n,2n cross section were
taken from Knight et al.34
recently been corrected,
data, obtained from Stewart,3°
Fig. 17. Data for On 3p 2re given by Stehn
et al.? However, Stewart has further noted
that these data are based to some extent on
the incorrect values for(:n'Zn, and that a
much lower n,3n cross-section curve must be
drawn in order to obtain agreement with other

parameters. in Fig. 17

These data have
and the corrected
are shown in

The curve for °n 3
is based on her calculations.'

n

The final-state neutron energy distri-
butions are described in Sec. 1IV-D,



G. Elastic Scattering Cross Section

Measurements of o between 300 and
1500 keV are given by Smith,>! and at 2, 3,
4, and 7 MeV by Batchelor et 81.32
of On

Values
n vere also calculated from Eq. 2

4
since, in the case of 238

U, all other cross
sections are more or less known.
tions of On,n by Stewart35
in establishing the elastic scattering cross

section above 3 MeV.

Calcula-
were also used

H. Number of Neutrons per Fission

The mean number of neutrons per fission
is based on the data of Asplund-Nilsson et
a1.36 supplemented by the data given by
Parker28 33 The data
can be fit with a linear term in energy:

and Hanna and Clarke,

V= 2,380+ 0.149 E (MeV).

I. Fission Neutron Energy Distribution

Again the evaporation neutrons from

and ¢ were described by the sta-

%n,n’f n, 2nf

tistical model (Sec., IV-D). The prompt-

fission neutron energy distribution is well
described by Eq. 5, with the nuclear temper-
atures given by Vasilev et al.,ll
et al.,12 and Barnard et al.22

were taken to be:

Zamyatnin
Values of T

E T
(MeV) (MeV)
0.0 1. 15
2,09 1, 29
4,91 1. 42
14. 1 1. 48

A smooth curve was drawn through these
points, with the value at zero energy ob-
The final-state
fission spectrum neutron energy distribu-
tion was then obtained from Eq. 5.

tained by extrapolation.

J. Delayed Neutrons

The delayed neutron fraction for 238U

is given by Keepin26 and by Rose and Smith,
and was taken to be 0,0147., The energy dis-
tribution of these delayed neutrons was taken

to be the same as for 235U.

37

The graph of

relative number of neutrons as a function

of energy is shown in Fig. 10,

K. Angular Distributions

The differential elastic scattering
cross section was fit with Eq. 8. Smith31
gives the values of wl - W5 from 300 keV to
1.5 MeV., These results were supplemented
by the wi from angular distributions at 0.5,
1.0, 2,0, 2,5, 4.0, 7.0, and 14 MeV as given
by Goldberg et a1.27 and by the measurements
of Batchelor et a1.32

Again, the inelastic scattering angular

distribution was taken to be isotropic.

L. Recommended Curves

The cross-section curves for 238U,

along with the Legendre coefficients for
don'n/dQ , are shown in Figs. 10 through
19,
above are also plotted on these graphs.

cross sections are tabulated in Table II.

Experimental data from the references
The
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Table II

TABULATED CROSS SECTIONS FOR 238y IN BARNS
Energy
(MeV) c’n,F c’n,n on,r c’n,n' c’n,2n c’n,3n
0.0010 - 13.35 1.74 - - -
0.0015 - 13.90 1.43 - - -
0. 0020 - 14,03 1.24 - - -
0. 0025 - 14.03 .11 - - -
0. 0030 - 14.03 1.01 - - -
0. 0040 - 14.03 0.88 - - -
0. 0050 - 14,08 0.795 - - -
0. 0060 - 14. 13 0.735 - - -
0. 0070 - 14.11 0. 695 - - -
0. 0080 - 14.08 0. 670 - - -
0. 0090 - 14. 06 0. 660 - - -
0.010 - 14. 05 0. 649 - - -
0.015 - 13,90 0. 580 - - -
0.020 - 13. 65 0. 508 - - -
0.025 - 13.30 0. 451 - - -
0.030 - 13. 10 0.415 - - -
0. 040 - 12,78 0.346 - - -
0.050 - 12.32 0.302 0.043 - -
0. 060 - 12,09 0. 269 0.116 - -
0. 070 - 11.93 0. 243 0. 203 - -
0. 080 - 11.57 0.226 0.278 - -
0.090 - 11,16 0. 210 0.345 - -
0. 10 - 11,04 © 0.198 0. 405 - -
0.15 - 10,02 0. 162 0.685 - -
0. 20 - 9.31 0. 143 0. 888 - -
0. 25 - 8.69 0.132 1.05 - -
0. 30 - 8. 19 0. 122 1,18 - -
0. 40 - 7.27 0.111 1.39 - -
0. 50 - 6.71 0. 107 1.54 - -
0. 60 - 6.15 0. 102 1.62 - -
0.70 - 5.58 0.099 1.70 - -
0. 80 - 5. 06 0. 096 1.84 - -
0.90 - 4,72 0. 094 1.91 - -
1.0 0.015 4,41 0. 092 2,02 - -
1.5 0. 0330 3.67 0.077 2.55 - -
2.0 0. 520 3.83 0.054 2,54 - -
2.5 0. 520 4.12 0.037 2.54 - -
3.0 0. 520 4,40 0. 027 2.53 - -
3.5 0. 520 4,53 0.021 2.51 - -
4.0 0. 520 4.37 0.016 2. 50 - -
4.5 0. 520 4.16 0.013 2.47 - -
5.0 0. 520 3.95 0.011 2.41 - -
5.5 0. 520 3.82 - 2.37 - -
6.0 0. 580 3.76 - 2.31 - -
6.5 0. 770 3. 60 - 1.91 0. 106 -
7.0 0.900 3.43 - 1. 50 0. 56 -
7.5 0.975 3.34 - 1.18 0.99 -
8.0 0.975 3.23 - 0.902 1.27 -
8.5 0.975 3.18 - 0.797 1.43 -
9.0 0.975 3.07 - 0. 581 1. 56 -
9.5 0.975 3.06 - 0.472 1.62 -
10.0 0.975 3.05 - 0.386 1.65 -
10.5 0.975 3.05 - 0.334 1.66 -
11.0 0.975 3.05 - 0. 289 1.63 -
11.5 0.975 3.05 - 0. 252 1. 57 -
12.0 0.975 3.05 - 0.219 1. 50 0.032
12.5 0.975 3.05 - 0. 196 1.38 0. 113
13.0 1. 00 3.05 - 0.174 1. 26 0. 200
13.5 1.03 3.05 - 0.158 L1 0.320
14.0 1.07 3.05 - 0. 145 0.94 0. 428

12
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