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ABSTRACT

As part of the cooperative effort of the Cross Section Evaluation
Working Group organized at Brookhaven National Laboratory in June
1966, the nuclear data on U-238 for use in the Evaluated Nuclear Data
File B (ENDF/B)} are presented. The data cover the energy range from
0.001 eV to 15 MeV. Data sources are referenced and the theoretical
methods used in evaluating certain data are described. A complete

listing of the data in the ENDF /B format is provided.
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1. INTRODUCTION

1.1. Purpose

The Cross Section Evaluation Working Group (CSEWG) was estab-
lished as the result of a request by the Director of the USAEC Division
of Reactor Development and Technology (DRDT) for laboratories to
participate in a cooperative effort on the evaluation and processing of
nuclear data for immediate use in reactor calculations.' As part of
this cooperative effort, the nuclear data on U-238 for use in the Eval-
uated Nuclear Data File B (ENDF/B) are presented. Honeck gives an
excellent summary of the purposes and objectives of the evaluation pro-
gram, 2 and BNL-8381 includes a detailed description of the ENDF/B

structure. >

1.2. Ground Rules

At a CSEWG meeting in June 1966, the assignment of specific
isotopes to evaluators was completed and ground rules for the evalua-
tions were established. In view of the limited time available to com-
plete the required work, the evaluators were instructed to utilize the
best evaluations (bases on their experience) currently available and to
put them in the standard ENDF /B format. Data could be re-evaluated
if it could be done within the time schedule. Fortunately, U-238 is an
element for which more than the average amount of experimental cross-
section data are available in the energy range from 0.001 eV to 15 MeV,
so that we do not have to rely greatly on theoretical calculations.

In keeping with these ground rules, the present compilation re-
flects to a large extent the results of other evaluators—the evaluations
of Parker? and Schmidt, ’ in particular, have been used extensively.
Furthermore, where we have used the results of others, we did not
list the references to the basic data used by them, nor did we describe

the methods used in their evaluations; this information is available in
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their own reports. However, for data that are the result of our evalu-

ation, the methods are described and the basic source data are refer-
enced.
1.3. Thermal Scattering Law Data

Data for the thermal scattering law are given in the form of a
free-gas model. The constant free-scattering cross section is given
as 10,6 barns, and the thermal energy cutoff is 2.5 eV. The data are

tabulated in File 7 of the ENDE /B listing (Appendix A).

1.4. Possible Neutron Reactions With U-238
Table 1-1 lists thresholds for various reactions of neutrons with
U-238. Except for the (n, F) reaction these thresholds are taken from

the results of Howerton. ®

Table 1-1. Thresholds for Reactions of Neutrons
With U-238

Reaction Threshold, MeV
(n, v) Exothermic
(n, F) 1.47
(n,n") 0.05

{n, 2n) 6.07

(n, 3n) 11.51

(n, p) 2.03

(n, np) 7.59

(n,d) 5.35%

(n, nd) 10.45

(n, t) 4,16

(n, nt) 10,03

(n, He?) 5.01

(n, nHe?) 10.74

(n,a) Exothermic

1-2
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The threshold for the (n, F) reaction was obtained by selecting
the energy at which the fission cross section equals half the value at
the first plateau. As mentioned in section 3.8, the last nine reactions
in Table 1-1 are assumed to be small and have been neglected in this

compilation.

1.5. Outline of the Data

In compiling the U-238 nuclear data the energy range has been
separated into two main divisions. The data for neutron energies below
50 KeV are given in section 2, and those for energies between 50 KeV
and 15 MeV are given in section 3. The data in section 2 are further
subdivided into a low-energy range (from 0.001 to 5 eV), a resolved-
resonance energy range (from 5 to 3920 eV), and an unresolved-res-
onance range (from 3920 eV to 50 KeV). This separation was conve-
nient because of the somewhat different methods used in each range.

In section 3 (energy range from 50 KeV to 15 MeV) the subdivisions
are based on cross-section type for convenience. Section 4 is a list
of references, and Appendix A is a listing of all data in the ENDF/B
format. Table 3-1 gives the interpolation scheme for interpolation be-
tween energy points in the various tables of cross sections and param-

eters.
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2. U-238 CROSS SECTIONS BELOW 50 KeV
(A. Z. Livolsi, D. H. Roy)

Below 1 eV, the capture cross section of U-238 is almost 1/v,
since all resonance levels (including those below the neutron separation
threshold) lie considerably above or below this range. From 1 to ap-
proximately 5 eV, the capture cross section profile is dominated by
the 6.67 eV resonance level. This profile is essentially unaffected by
Doppler broadening even at normal reactor fuel temperature. Thus
5.0 eV has been chosen as the cutoff between the thermal and the res-

onance energy regions.

2.1. Thermal Energy Region (1073 < E <5 eV)

For any energy point the capture cross section can be computed
by summing the contributions from the various positive and negative
energy resonance levels. In this study, these contributions have been

obtained from the single-level, Breit-Wigner formula corrected for

[E.
NG 2 o) h:—:l WX, 0) (2-1)
1

Doppler broadening:

where
0,i_.1
i _2.6038% 10° (A + 1)2 . Iy Iy 2-2)
0" A i o1, iy -
[E, (wairn + ry)

At E = 0.0253 eV, the first 22 positive levels in U-238 contribute 2.38
barns; parameters for these levels were taken from reference 7 (re-

commended values) and are tabulated in Table 2-1. Taking
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o Y(0.0253 eV) = 2.73 + 0.04 barns

as the preferred experimental value,® then 0.35 barns must be attributed
to the negative energy levels and to the remaining positive energy reso-
nances. In this evaluation, the remaining contributions were attributed
to a single negative energy level at =15 eV (as noted by Sumner,? the
first two negative levels would be expected at approximately —11 and -29
eV). By assigning Fg = 0.7884 X 10~3 (eV)‘l/Z and 1‘Y = 24.6 meV, this
fiducial level contributes the 0.35 barns necessary to produce the exper-
imental value of the capture cross section at 2200 M/S.

The entire analysis is performed by the DOPS code, a FORTRAN
IV program for cross-section calculations using the single-level, Breit-
Wigner formula corrected for Doppler broadening.

Total cross-section data were taken from Parker's compilation*
and appear on the Aldermaston/Winfrith data file of ENDF-A. This tab-
ulation is derived from the graphical representation of the slow-chopper
data from BNL, Columbia, and ANL given in BNL-325 (2nd Ed. ).? Sum-
ner also gives a description of the data.’ The scattering cross section
varies sharply at the Bragg limit (about 0.003 eV). Scattering below this
cutoff is due to coherent thermal inelastic effects with a small incoherent
contribution due to isotopic impurity of the samples used in the cross-
section measurements (there being no spin incoherence for nuclei with
I=20). Itis accurate enough, however, to assume that between 1 and 3
meV, the scattering cross section is nul. From 3 meV to 5 eV, values
of the capture cross section were calculated at the energy points for
which the total cross section was tabulated, and the scattering cross

section was obtained as the difference:

(E) ~¢ (E) (2-3)

7s(E) = oo n, vy

The total, capture, and elastic scattering cross sections of U-238
for the energy range I meV to 5 eV are listed in Table 3-2 and are pre-

sented graphically in Figure 2-~1,
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Table 2-1. U-238 Resolved Resonances

I“Y = 24.6 meV
= 1.0
E r r T
n E n 1> n

=-1.50QG+Q1 3,0534-03 1.2670%03 2.7000-02 2.7168+31 7.0837-02
5.6700400C 1.5200-03 1.2732+03 2+9000«02 2.7300+03 2,6125-03
1.0200+01 1.4600-0& 1.2985%03 3.6000~03 2.7501+013 3.9331-02
241000401 8,5000-03 1.31729+0Q3 447000-03 2.7615+03 1.5766-02
3.6700401 2.1000-02 1.3357¢403 1.5000-03 2.7879403 1.0560+02
£.6200°01 2.5000-02 1+3930°03 1+7000-01 2.74980+03 2.6648-03
H.1100¢01 2.0000-03 1,64051+03 8.2000-02 2.8062+03 5.8866-03
B.9500%01 8,5000~65 1.4197+03 1.1000-02 2.82864+03 9.0414=03
1.0270+02 5.8600-02 1.4278+03 3.4000-02 2.8452+03 2,6670-03
1.1690%02 2.6000-02 1.4441403 243000-02 2.8661+03 749233402
1,4570+02 7.0000-0% 1.4738+02 8.0500-02 2.8829403 5,2619-01
L<6S40+02 3,00C0~03 1.5231+03 2+1000-01 2.8978+03 2,6916=-02
148960%02 1.4500-01 1.546003 2.0000-03 2,9085+03 2.6565-03
2.0850%02 $.6000-02 1,5500+03 2.0000-03 2,9236¢03 5,3256-03
243740402 2.5000-02 1,5650+03 2.4000~03 2.9323+03 2,4909-02
24539002 2,3000-~0% 1.6229+03 9.,0000-02 2.556303 1.5224-02
2.1370402 2.5000-02 1.6382+03 4,0400-02 2.58764403 8,1711+«0)
249110402 1.£0500-02 146621403 1.6000-01 2.69740402 2.7281-03
3.1110%02 9.9¢00-0% 1.6833+03 7.0000-02 2.98744+03 $,6657-03
1.4790402 1.5000-02 1.709%403 5.0000-02 3.0031+013 9.3161-02
3.769p+02 14150003 1.7230+03 1.4000-02 3.0150+03 7.1382-03
3.9740+02 7.0000~013 1.7558403 7.0000-02 3.0290+03 1,37159-01
4.1030%02 1.8000-02 1.7823+03 5.0000-~01 3.0410%03 2,7573-03
4.3420402 $.«0000-03 1.7977+03 2.1200-03 3.0802403 2.7660-02
a,5620002 5,00C0~06 1.80834+03 1.7009-02 3.0811+03 4,4405-03
©e6330402 $,2000-03 1.84556+03 1.3218-02 3,10%%+p2 1.0037-01
“.7870%02 3.1500-03 1.9023403 2.0935-02 343332+03 §.5975-03
4.8890402 4.4000-0% 1.9171+03 2.1892-02 3.1490+03 8.1728-02
5.1860+02 4,3000~02 19687402 §,7680-0] 3.1690+03 1.0132-02
$,3550+02 4,0000-02 1.9746403 446659=01 341794403 §.2025-02
5,5610+02 7.0000-0% 2,02364+02 2.0243-01 3.1890+03 %,3483-02
5.6020+02 3.1000-02 2.0311+03 4,9574-02 3.2060+03 S.6822-02
5.9520*02 8.0000-02 2.08806+03 1.3710~02 3.2260+403 2.271%-02
6,20004+02 3.0000-02 20096503 1.0073-02 3,24%2+03 1.1400-02
&,2870+02 4,0¢00~03 2.12434p3 “.6091-03 3.28Q0+013 1.0309-01
65,6120+02 1,210C~01 2.1460+03 3,4743-02 3,2950+03 8.6103-0)
£,7700+02 9.0000-0% 241528403 14763101 343199403 9.4942-02
85,93304+02 3,7000-02 2.1720+03 2.3302~03 3.3213+03 8,1836-02
7.0850+02 2,1060-02 2.1850403 3.5489-g1 3.3340+03 S.7741-02
7,2180+02 1.2000-03 2:1940+03 2.3420~03 3.3557+03 7.5307-02
1.3010+02 1.6000-03 2:2014+03 1.1261~p1 343710403 2.5030-03
7.6510%02 6.5000-013 2+.2300+03 4,7222-03 3.3B78.+013 8.1437-01
7.7920402 1.7000-03 2.2357+93 4,7280~933 344050403 1.0510-01
7.5050¢02 5.1000-03 242415403 1.4203-03 3,4190403 2.9236-03
B,2160+02 5.9000-02 242591403 65591 =02 3.63694013 1.9053-01
8.5100402 5.8000-02 242664402 1.44520-01 3.4591+023 3,8229-01
8.5620402 8.2000-02 2.2813+03 1.0985~01 344700403 1.1781-03
B.£650+02 3.5000-03 2.2887+¢3 2.3920-03 3.4843+03 1.1806-01
8,9130+02 1.,2000-03 2+.3020403 9.5958=g6 3.4920+03 1.1228-02
9.0510%02 5.1000-02 243159403 1.4437-02 3.5120+03 2.5631-03
§.2520+02 1.0000-02 243374403 h,8367-33 345260+02 1.0683-02
9.3690202 1,5¢00-0}% 243520°03 6.3047=02 34561503 1.4323-0)
9.5840402 1.5500-01 243550+03 6.3100-02 3.574p03 2.3913-01
9,5180+02 3,5000-0) 23925403 1.1250-02 3,5930+03 1.5585-02
1.0113+03 1,3000-03 2.6102+03 4,6184-03 3.6000403 3,6000-03
140230403 1.3000-Q2 2.62854+401 8.1278-¢02 J.6110401 2,0046-03
1.0332°03 7.0000-0% 244462402 1.1128-01 346250403 3.0104-403
1.0539+03 §4,5000~02 244540403 246769-03 3.6300+03 2.1690-0)
1.0705°03 3,2700-04 2.4898+03 5,4888-02 3.6470403 3,0195-03
1.0311%03 7.0000-0% 2,5207401) 1.0041-02 Je6740903 3.0675-03
10934903 1+2000-02 245497403 3.4330~-01 3.5930+03 2.4308-01
11089403 2+3000-02 245593403 2.1753-01 347177403 6.0973-02
1+1315%a2 243000-03 2+5€8Q7+03 2.438%=~01 3,7333+03 1,5275-01
1.1404°03 24300001 2.5987+93 S+8075-01 3:7647403 3,4360-02
141675+03 7.0000=02 2.6040403 2.5519-03 347637403 2,7680-01
1:17756403 S.B000~02 2:6205%03 4.0993-02 3.7997+03 3,0821-03
141950403 843000~-02 26316403 1.0260+03 3.8320403 6.1902-03
12109403 9.0000-03 244728403 1.7578-01 3.8581+03 3,47€62-0)
1.2651+03 2.3000-01 246935403 2336402 3.8713+0) 2.488840)
3.895Q0403 ©,9928-0)
3.9044403 2,2495-D1
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2.2. Resonance Energy Region (5.0 eV g E < 50 KeV)

2.2.1. Resolved Resonances

The resolved energy region for U-238 extends from 5 eV
to 3.92 KeV. The peak parameters for the resonances between 5 eV and
1.782 KeV are the recommended values given in reference 7. For the
remaining energy interval the peak parameters (last resolved resonance
appears at 3.904 KeV) were obtained from the measurements reported
by Garg, et al. 10 The capture width was taken as constant, 1“Y = 24,6
meV in accordance with theoretical predictions. All levels were taken.
as s-wave (£ = 0) levels even though a few of the measurements repor-
ted in reference 10 were denoted p-wave or doubtful; this should intro-
duce little error in the cross-section calculation. These parameters
are to be used in the single-level, Breit-Wigner formula designed as
Type 1 (LRF = 1) in ENDF/B,.

A smooth contribution to the capture cross section has
been added in the upper portion of the resolved region between 0.748
and 3.92 KeV. As shown in Figure 2-2, the p-wave used in the unre-
solved region does not have a negligible value at the high energy cut-
off for the resolved region. Therefore, an attempt was made to com-
pare the contribution obtained from a statistical treatment with that
derived by the calculation of the resolved peaks (cross sections averag-
ed over 1/4-unit lethargy groups, GAM scheme with Emax = 10 MeV);
Figure 2-2 shows that if the unresolved region started at 0.748 KeV,
it would contribute 1.02 barns more to the total resonance integral
(0.54 barns is the contribution of the p-wave), The 0.75 KeV cutoff
was chosen because below it, the p-wave contributions account for less
than 5% of the capture cross section. Since the ENDF /B does not have
provisions for different energy ranges for the various waves, a smooth
p-wave component, as from infinite dilution, is entered in File 3 and
is also shown in Figure 2-2; therefore it is unshielded. Although the
effect of shielding is slight in this energy range, in regard to the cap-
ture it might affect the Doppler coefficient. However, no investigations
were conducted in that direction for this evaluation.

The potential scattering cross section for U-238 has

been analyzed by Seth, et al, !! Lynn, ! and Uttley. !* The value
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recommended by both Lynn and Uttley, 10,6 barns, was selected. It
corresponds to a spin-independent scattering length (AM) of 0.0184 X
10712 cm.

The resolved resonance parameters are shown in Table
2-1, and a graphical representation of the total, absorption, and scat-

tering cross section for each resolved peak is provided in Appendix B.

2.2.2. Unresolved Resonances

The unresolved energy region for U-238 extends from
3.92 to 50 KeV and the capture cross section throughout this region may
be calculated by using appropriate parameters for only the s- and p-
wave neutrons,

The s-wave parameters were taken from MC? library
prepared at ANL. The strength function is in good agreement with the
value (0.90 + 0.10 X 107%) determined by Garg, et al, 0 and the average
level spacing, D, corresponds to an arithmetic average of the minimum
(pure s-wave) and maximum (s-wave + doubtful and p~wave) values re-
ported by these same workers. *

The p-wave strength function was obtained by comparing
effective, infinitely-dilute capture cross sections computed by the ERIC
2 Code'* with experimental values presented in reference 7.

The capture cross-section values for the combined s-
and p-waves were compared over an energy range extending from 10
to 200 KeV, although the unresolved region is limited to E = 50 KeV.
For these calculations, the strength function was taken as constant for
all J and the average level spacing assumed proportional to (2J + 1)°}

the mean reduced neutron width can then be computed from

—0 _ ——
To(E) = 8, XD, ; {E x v,

- - -

*For 2.0z Es 3.9 KeV.
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where Sl = strength function

v, = penetration factor
Up =1fort =20
2
v, X fort-1;X-0.00191 {E

1+ X2

The neutron level widths were assumed to be distributed in a X?-distri-
bution with one degree of freedom (v = 1). For S; = 1.58 X 1074 the
calculated and experimental capture cross sections are in good agree-
ment, as indicated in Figure 2-3. The solid curve in Figure 2-3 cor-
responds to the curve appearing in reference 7. The ERIC 2 unresolv-
ed resonance calculations employed 100 'narrow' groups, and the po-
tential scattering cross section was taken as 10.6 barns.

The scattering cross sections for the unresolved region
were obtained by subtracting the calculated capture cross section (in-
finitely dilute) from the total cross section taken from Parker's com-
pilation.* The resulting infinitely dilute set of cross sections is shown
in Figure 2-4. This procedure, of course, implies that in reactor cal-
culations the scattering cross section of U-238 is to remain independent
of composition and temperature; this assumption is normally made in
practice but is not necessary. If this procedure is not compatible with
the cross-section generation methods employed in ETOE and ETOM,
then the appropriate effective scattering cross sections can be compu-
ted with the unresolved parameters, and the entries for MT = 2 on
File 3 deleted. It was not determined if the capture and scattering
cross sections generated in this way would yield reasonable agreement
with the measured total cross section. In this presentation, the cap-
ture cross section is to be computed using the unresolved parameters,

and the scattering cross section taken from File 3.
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Table 2-2. Unresolved Resonance Parameters for U-238

£=0 £ =1 { =1
J=1/2 J=1/2 J=3/2
D, ev 18.5 18.5 9.25
S X 10%, (ev)3/2 0.94 1.58 1.58
I"Y, meV 24.6 24.6 24.6

2.2.3 Evaluation of Resonance Integrals

The ENDF/B resolved and unresolved resonances of
U-238 were input to the STRIP* and ERIC 2 codes to compare the total
resonance integrals obtained through experimental fits and calculation
methods in the case of infinite dilution, oxide and metal rods.

As stated previously, the ENDF /B contains the recom-
mended resolved peak parameters obtained from BNL-3257 up to ap-
proximately 1.8 KeV, and for the rest of the energy interval the peak
parameters are from Garg, et al. ® For the sake of comparison, in
Table 2-3 are also shown the results obtained by Joanou and Stevens'®
in the resolved region by using only Grag's parameters. The calcu-
lated values of the resonance integrals compare fairly well with the
ones obtained through Hellstrand's experimental fits (although for the
large rods they start to diverge) and with the ones calculated by Joanou
and Stevens.

-Although the total resonance integral calculated with
ENDF/B parameters for the case of infinite dilution falls within the
experimental uncertainty, it has a somewhat lower value than the one
calculated with Garg's parameters. The difference appears mainly in
the resolved region and is due to the somewhat larger neutron width

used in the low-energy resonances (the 6.7 eV level contributes about

half of the total integral). At this point it would be proper to suggest

" STRIP is a B&W computer code that solves the slowing down in the
resolved region with overlapping resonances by using a generalized
Nordheim treatment.
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a modification of the ENDF /B parameters for a few low-energy peaks;
however, the authors feel that appropriate actions may be taken after

discussion of the problem with the Data Testing Subcommittee.
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Cross Section, barns

Figure 2-4. U-238 Unresolved Resonance Energy Range
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3, U-238 CROSS SECTIONS BETWEEN
50 KeV AND 15 MeV
(W. A. Wittkopf)

In compiling the neutron cross-section data for the energy range
between 50 KeV and 15 MeV, the prirnary sources of data were refer-
ences 4, 5, 7, and 8. Both Parker® and Schmidt® give evaluated neutron
cross-section data in this energy range. Parker has considered refer-
ences known to him up to December 31, 1962, and Schmidt has consid-
ered references known to him through about July 23, 1965. Both of
these are quite complete and are well documented, The main differences
between the two evaluations are caused by recent measurements of neu-

tron inelastic scattering and neutron capture.

3.1. The Total Cross Section

The total cross section used for ENDF/B is that recommended by
Parker* and shown (along with experimental data) in his Figures 2 and 3,
pages 94 and 95. Schmidt® shows the additional experimental points of
recent measurements and recommends a total cross section that is (rel-
ative to Parker's curve) slightly lower between 0.2 and 1.0 MeV, slightly
higher between 1.2 and 7 MeV, and slightly lower between 7 and 10 MeV.
Schmidt's total cross-section values extend only to 10 MeV. However,
the differences between these two recommended curves is less than
about 3% over most of the energy range of interest. Schmidt estimates
the accuracy of his total cross-section values to be in the range of plus
or minus 4 to 10% in this energy range. Since we had already based our
analysis on Parker's data when we learned of Schmidt's evaluation, and
because the differences were relatively small in size and somewhat ran-
dom in nature, we felt justified in accepting Parker's data for the total
cross section. The total cross section is shown in Figure 3-1 and tabu-

lated in Table 3-2.
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3. 2. The Elastic Scattering Cross Section

The elastic scattering cross section was taken as the difference

between the total cross section and the non-elastic cross section (crx).

(3-1)

(3-2)

The resulting cross section is shown in Figure 3-1 and is tabulated in
Table 3-2. This cross section agrees within about 3% of the values rec-
ommended by Schmidt® over the range from 0.05 to 10 MeV.

The differential elastic scattering cross section is represented by

a Legendre polynomial expansion with the center-of-mass (CM) scatter-

ing angle (un) as variable.

o-s(E) 18

e 1)y (E)P, () (3-3)
=0

U'(Eyp-) =

Thus, if the f;'(E) are available, the differential cross section is given
by equation 3-3. In addition, the average cosine of the laboratory scat-
tering angle (EO), the average logarithmic energy decrement (£§), and

the slowing-down parameter (y) are given by equations 3-4 through 3-6.

18

Eo - Tllfc (3-4)
£=0
18
c
- _ 1 -
£ = ,E T L, (3-5)
18 c
'Y = g-l EZO Tozzfe (3—6)
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where

T :2i+1/'

1
Li * T J P (1 )=U)"P, (u)dp (3-7)

~U = fn [1_Z_A_(_1_:i’] (3-8)
(A +1)?
b _ Ap + 1 (3-9)

NAZ + 2Ap + 1
In choosing the f;(E) for the ENDF/B, the fg data of Wittkopf, 16
Alter,’” and Joanou!’ were considered. All of these f, data were ob-
tained by fitting equation 3-3 to the basic experimental data listing of
Goldberg® and Howerton.!? Figure 3-2 compares the basic parameter
Eo calculated using equation 3-4 and the various fl data. Except at the
three highest energy points, the data of Wittkopf and Alter agree quite
well; the data of Joanou do not agree. On this basis the fi data were ob-
tained by drawing smooth "'eyeball'’ curves through the data of Wittkopf
and Alter to give the data shown in Figure 3-3 and tabulated in Table
3-3., Using these fg data and equation 3-4, the smooth solid Eo curve
of Figure 3-2 is obtained and used for the ENDF/B. This latter curve
may be compared with the recent recommended curve of Schmidt,?
which is the dotted curve in Figure 3-2. Except for sharp oscillatory-
type peaks in Schmidt's data near 1.7 and 2.2 MeV, the two curves
agree to within about 5%. The fact that we smoothed the basic fl data
would eliminate any sharp variations in our curve, Perhaps optical
model calculations (which we did not have time to perform) would help
to resolve the differences in the region from 1 to 3 MeV.,

The energy-dependent values of £ and y were calculated from equa-
tions 3-5 and 3-6 respectively by using the fl data of Figure 3-3. These
calculated values are shown in Figure 3-4. Finally, the calculated val-
ues of Eo’ €, and y are tabulated in Table 3-4.

The center-of-mass-to-laboratory-system transfer matrix (Uﬂm)

for elastic scattering was calculated using the work of Lane.?® The
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relation between the Legendre expansion coefficients in the laboratory

system (f;") and the center of mass system (fg) is given by

The matrix elements (Uﬂm) are tabulated in Table 3-5,

3.3. The Radiative Capture Cross Section

From 0.05 to 0.1 MeV the smooth (n, y) curve of Stehn? was used.
From 0.1 to 7.6 MeV the curve is drawn to agree closely with the results
of Barry,? who used the well known (n,p) cross section as standard.
From 7.6 to 15 MeV the curve was extended through the 14 MeV mea-
surement of Perkin.?! The resulting curve is shown in Figure 3-5 and

the values are tabulated in Table 3-2. The resulting curve agrees to

within about 3% of that recommended by Schmidt.?

3.4, The Fission Cross Section

The fission cross section up to 10 MeV was taken from the work
of Davey,%? in which the author makes a detailed study of the reference

cross section used, in relation to the experimental measurements, to

arrive at the best cross sections for fast reactor analysis.

15 MeV the cross section was taken from Stehn.’

shown in Figures 3-6a and 3-6b, and the values are tabulated in Table

3-2.

The neutrons per fission are based on the curve recommended by

Schmidt® and may be expressed in the form

v=2.358 + 0.156E, (E in MeV)

Over the range from 1 to 15 MeV, this expression agrees to within 1.5%

of the values given by the solid line of Stehn.”

The secondary energy distribution is taken from the work of
Barnard, et al.,?? who fitted the measured spectra to a simple fission
spectrum. Barnard obtained Maxwellian temperature values of T = 1.29
and 1.42 MeV at incident neutron energies of 2.09 and 4.91 MeV, respec-
tively. The 1966 ENDF/B format restrictions require that the fission

From 10 to

The resulting curve is

(3-10)

(3-11)
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spectra be independent of incident neutron energy, so we have chosen a
Maxwellian temperature of T = 1.35 MeV., The fission spectrum is then

of the form

4E'
7T?3

p(E - E') = (T = 1.35 MeV) (3-12)

El
eXp = °F
By plotting the results of his and other experimenters against the aver-
age number of neutrons per fission (v) Barnard?® found that the energy
dependence of neutron temperature could be represented approximately

by a formula derived by Terrell.?*
T= 0.52+ 042NV + 1 (3-13)

Using the value of v from equation 3-11 gives

T = 0.52 + 0.42 ~/3.358 + 0.156E (3-14)

When the restriction of energy independence on T is removed from the
ENDF /B format, equation 3-14 should be used to give a more sophis-
ticated representation of the secondary fission energy distribution. The

ENDF/B format does allow for a distribution of the form

1 1 ! !
4E exp—eE-+p E—exp—-eE (3-15)
7T63 1 2

1 1

p(E -~ E') = P,

where P, is the fraction of evaporation neutrons from second and third
chance fission, andp = 1 - P, However, 0,is energy-dependent (given

by equation 3-14) and 0, is also energy-dependent.

3.5. The (n, 2n) Cross Section

The (n, 2n) cross section is taken from the recommended curve of
Schmidt.’ In addition, data in the form of IBM cards and computer print-
out were obtained from Pearlstein.?> The data of Pearlstein agree well
with those of Schmidt from threshold to about 8 MeV and then rise above
Schmidt's curve from 8 to 15 MeV. The data are plotted in Figure 3-7

and a comparison is shown. The tabulated data are found in Table 3-6.
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We know of no direct measurements of the (n, 2n) secondary neu-
trons; consequently, we have used the estimations of Parker® for the
energy distributions of the secondary neutrons. Parker estimates the

following distributions for the secondary neutrons:

E' = 0.2(E - 6.00), (6.07 S E< 7 MeV)
! !
p(E»E'):E—exp_%-, (7<Es15MeV)
TZ
T = 0.0378 NE , (7S E<9 MeV)
= 0.125 NE , (9 SE< 12 MeV)

0.200 NE (12 S E S 15 MeV)

As Parker® states, this gives a roughly linear variation of T from 0.1
at 7 MeV to 0.75 at 14 MeV. For the ENDF/B file, we have chosen this
linear variation of T from 6.09 to 15 MeV and have arbitrarily set T =
0.01 at threshold. The resulting curve is illustrated and tabulated in
Figure 3-9.

3.6. The (n, 3n) Cross Section

The (n, 3n) cross section is taken from the recommended curve of
Schmidt.5 Data in the form of IBM cards and computer printout were
also obtained from Pearlstein.?® The (n, 3n) cross section is relatively
small except in the vicinity of 15 MeV. We used Schmidt's data because
they were more consistent with the non-elastic cross section in this
range and agreed with the few experimental measurements. The result-
ing curve is shown in Figure 3-8 and the data points are tabulated in
Table 3-6.

We know of no direct measurements of (n, 3n) secondary neutron
spectra, so we used a modification of Parker's estimates to obtain the
Maxwellian temperature variation. Parker estimates the following dis-

tribution for the (n, 3n) secondary neutrons:

E'=0.2 (E~11.5), (Threshold = E < 13,5 MeV)
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! 1
p(E—~E') = exp -5, T-=0.0802WE, (13.55Es 15 MeV)
TZ

We have approximated this variation of T with two straight lines on a
plot of T versus E. The resulting curve is shown in Figure 3-9, and

the values are also tabulated there.

3.7. The Inelastic {n,n'} Cross Section

Schmidt® has recently completed an extensive evaluation of the
(n, n') total and partial cross sections for U-238. His evaluation includes
the recent measurements of Barnard, et al.,? who obtained data on 21
levels up to 1.47 MeV. We believe the evaluation of Schmidt to be the
most complete and extensive available at this time and have selected his
recommended curves for the ENDF/B for 1966. From threshold to 2
MeV the total inelastic cross section was obtained by summing the con-
tributions of individual levels. From 2 to 15 MeV the inelastic cross
section is obtained primarily by subtracting the (n, y), (n, F), (n, 2n), and
(n, 3n) cross sections from the measured non-elastic cross section. The
total inelastic cross section obtained in this manner is shown in Figure
3-1, and the tabulated values are given in Table 3-7.

The cross sections for the excitation of specific levels are shown
in Figures 3-10a, 3-10b, and 3-10c, and the fractional contribution of
each level to the total inelastic cross section is tabulated in Table 3-8,

The secondary energy distribution for individual levels is given by
a 6-function, and the energy of the level as provided by the ENDF/B for-
mat. The secondary energy distribution for the remaining part of the
inelastic cross section (not due to specific levels) is given by a Maxwel-
lian distribution with the Maxwellian temperature a function of the inci-
dent neutron energy. By choosing two fictitious levels (one each at 1.5
and 1.75MeV) Schmidt® was able to represent the region from threshold
to 2.0 MeV by individual level data. From 2.0 to 15 MeV the Maxwellian
temperature for evaporation neutrons was obtained by passing a smooth
curve through the data points of Batchelor, et al.,?” as given in their
Figure 8, page 249. The resulting curve is shown in Figure 3-11 and
the data are tabulated in Table 3-9. For comparison, the widely used

relation,
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Tc = 3,22NEJ/A MeV (3-16)

is shown as the dotted line in Figure 3-11.2 In this manner the secon-

dary energy distribution for inelastic scattering is given by

K E' E'
p(E—>E')= ) p &E'+6,—-E)+p — exp—-— (3-17)
ol k k C 2 T
k=1 C
c
where k = level index
Py = fractional contribution of level k
Bk = energy of level k
P. - fractional contribution of continuum
TC = Maxwellian temperature for continuum
also
K
Y p_+tp. =1 (3-18)
K= 1 k C

It should be noted that this inelastic secondary energy distribution
(and also the distribution for the (n, 2n), (n, 3n), etc., reactions) are
normalized in the range (0, ) and the processing code should properly
renormalize these when generating transfer matrices.

It is also mentioned that the (n,n'), (n, 2n), (n, 3n), and {(n, F) sec-

ondary neutrons are assumed to be isotropic in the laboratory system.

3.8. Other Cross Sections

It is seen from Table 1-1 that certain charged-particle reactions
are possible in the range from 0.05 to 15 MeV, However, because of
Coulomb barrier effects, these cross sections should be negligible be-
low 15 MeV. In a more elaborate compilation perhaps some of these re-
actions should be considered. In particular, the exothermic (n,a) reac-
tion should be investigated, For the 1966 ENDF/B compilation, we have
neglected the (n,p), (n,d), (n,t), (n, He3?), and (n, a) reactions.
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Table 3-2. Energy-Dependent Smooth Neutron Cross
Sections for U-238

Neutron cross section, barns

Energy,
eV Total (n,n) (n, F) (n,vy)
000 - 3 13.68 0 0 13.68
.0 7.90 0 --
.2 - 0 --
2 8.90 1.25 --
6 14.20 6.99 --
.0 14.11 7.27 --
.4 13.30 6.77 --
8 12.30 6.05 --
2 11.38 5.38 --
6 11.21 5.43 --
2 11.70 6.20 --
8 11.94 6.69 --
.4 11.29 6.26 .-
.0 10.75 5.91 --
.6 10.30 5.63 --
.0 \ 10.10 5.53 --
.000 -2 10.66 6.33 --
! 11.09 6.96 --
.2 9.99 6.03 --
.3 9.89 6.09 --
.5 10.88 7.34 --
.7 11.40 8.07 --
.0 11.01 7.94 --
.0 10.55 8.04 -
.0 1 10.18 8.23 --
.000 - 1 9.87 8.48 1.390
0 -- -- 1.000
0 9.54 8.71 0.829
0 -- -- 0.731
.0 -- -- 0.665
.0 -- -- 0.619
.0 -- -- 0.584
.0 -- -- 0.557
.0 1 -- -- 0.536
.000 + O 9.43 8.91 0.519
.5 -- -- 0.475
.8 -- -- 0.469
.0 -- 8.86 0.471
.5 -- -- 0.494
.0 \ -- 8.59 0,546
500 + 0 -- -- 0.637
0 9.00 8.21 0.793
5 -- -- 1.07
7 -- -- 1.25
0 * 9.10 7.46 Y 1.64
0 +0 0 0 0 0

@@:h:h:hguwwww»—-w\ooo\)c\m.pwm.—-mwwn—-»—-Hrau—wxooooo\)oxomm»m»#wwwwp—'
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Table 3-2. (Cont'd)

Neutron cross section, barns

Energy

eV Total (n, n) (n, F) (n,y)
7.480 + 2 0 0 0 0
7.48 0.192
8.50 0.204
9.00 0.207
9.61 4 0.213
1.10 + 3 0.226
1.23 : 0.239
1.35 0.250
1.59 0.268
1.80 0.283
2.04 0.300
2.30 0.312
2.61 0.328
3,00 0.344
3.36 0.358
3.60 1 0.370
3,92 0 0.382
3.92 16.4 0
4.10 19.2
4.25 14.5
4,37 13.9
5.00 14.0
1.000 + 4 14.2
1.5 14.3
2.0 14.0
3.0 13.1
4.0 1 12.8
5.0 0 12.5 0
5.0 12.9 12.5 0.345
5.5 12.8 -- --
6.0 12.7 12.25 0.305
7.0 12.5 11.98 0.274
8.0 1 12.3 11.71 0.248
9.000 + 4 12.1 11.44 0.228
1.000 +5 12.0 11.26 0.211
1.4 -- -- 0.182
1.5 11.2 10.13 --
2.0 10.7 9.46 0.159
2.5 10.3 8.98 -
3.0 9.86 8.48 0.140
3.4 -- -- 0.137
3.5 9.49 8.03 --
3.8 -- -- 0.134
4.0 9.15 7.56 0.133
4.4 -- -- 0.132
4.5 ' 8.84 7.06 1 --
4,8 +5 -- -- 0 --
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Table 3-2.

(Cont'd)

Neutron cross section, barns

Total

8.56
8.30
8.07
7.86
7.76
7.51
7.37
7.24
7.14
7.05
©.98
6.89

6.84

6.85

6.89
6.96

7.05

7.15

7.25

7.35
7.44
7.55
7.62
7.72
7.80
7.88
7.90
7.87
7.84

7.80

7.70

(n, n)

6.65
6.35
6.10
5.79
5.78
5.42
5.14
4.90
4.73
4.65
4.55

4.22

4.02

3.85

3.53

3.45

3.32

3.42

3.65

3.92
4.17
4.32
4.42
4.53
4.61
4.70
4.70
4.66
4.65

4.64

4.58

(n, F)

0

o OO

[eNeoRololoNoNoNoNeNo Neo e loNo oo ool o NoJoBoRaolo o Belo e Jo o Nol«No No N No No |

.00025
.00100
.00110
.00120
.00125
.0020
.0038
.0064
.0110
.0140
.0160
0169
.0180
.024
.034
.040
.042
.056
.092
.150
225
.295
.343
.381
.419
.443
.468
.483
.505
.521
.539
.550
.590
.565
.543
.540
.540
.560
.568
.566
.563
.563
.565
.569

(n, vy)

0.133

0.138

0.142

0.149
0.150

0.151
0.151
0.150

0.149

0.142

0.130

0.114

0.096

6.082

0.064

0.0525

0.0268

0.0158

0.0109
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Table 3-2. (Cont'd)‘?®

Neutron cross section, barns

Energy

eV Total (n, n) (n, F) (n,v)
5.25 + 6 ~- .- 0.571 -
5.50 7.50 4.40 0.575 --
5.75 -- -~ 0.585 --
6.00 7.18 4.11 0.620 0.0085
6.25 ~- -~ 0.700 --
6.50 7.00 3.97 0.822 --
6.75 -~ -~ 0.911 --
7.00 6.80 3.76 0.968 0.0072
7.25 -- -- 1.001 --
7.50 6.58 3.58 1.010 --
7.75 -- -- 1.002 --
8.00 6.35 3.39 0.991 --
8.25 -- -- 1.009 --
8.50 6.22 3.26 1,040 --
8.75 -- -- 1.054 --
9.00 6.10 3.15 1.050 0.0053
9.25 -- -- 1.035 --
9.500 + 6 6.05 3.13 1.021 -~ -
9.75 -- -- 1.011 --
10.00 6.00 3.12 1.004 0.0047
10.50 5.93 3.06 -- - -
11.00 5.85 3.00 -- --
11.50 5.82 2.99 1.005 --
12.00 5.80 2.96 1.010 0.0039
12.50 5.75 2.90 -- --
13.00 5.70 2.85 1.020 --
13.50 5.60 2.75 -- - -
14.00 5.70 2.86 1.150 --
14,50 5.80 2.95 -- --
15.00 + 6 5.70 2.86 1.300 0.0032

®

Table 3-2 contains only the smooth contribution to the various
cross sections. The contributions of the resonances are given
by the Breit-Wigner formula as described in section 2. For
this reason, some of the smooth cross sections of Table 3-2 are
double-valued at certain energies. When this occurs, the first
value applies below and the second value applies above that en-

ergy.
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Table 3-3. Legendre Expansion Coefficients for Elastic Scattering
in CM System (f; = 1.0 for all energies)

Energy, eV f; £, £y fq T £ £ £ £y fq
1.0 + 4 0 0 0 0 o] 0 "] o 0
1.5 4.00 -3 0
2.0 9.00 -3 0
3.0 1.80 - 2 0
5.0 3.40 -2 3.00 -3
7.0 5.20 - 2 .00 -3
1.0+ 5 8,30 -2 1.70 - 2
1.5 1.32 -1 2.70 -2 Q
2.0 1.71 4.00 -2 2.00~3
3.0 2.31 6.50 - 2 1.10 - 2 0 0 0 0 0 0
5.0 3.18 1.33 -1 4.18 -2 1.28 -2 4.17<3 2.80 -3 2.63-3 1.87 -3 4.60 -4
7.2 3.86 1.99 7.74 -2 2.27-2 6.14 ~ 3 4.66 = 3 6.02 4.44 1.65 -3
1.1 +6 4.77 3.14 1.85 -1 7.31 =2 2,35~2 1,05 -2 3.59 ~2.38 ~3.99 -3
1.7 5.75 4.11 2.74 1.72 - 1 8.29~2 2,718 -2 3.27 ~4.13 ~4.47 ~3
2.5 6.61 4.97 3.52 2.60 1.36 ~ 1 4.32 -2 2.98 -3 -5.68 - 3 -4.90 -3
4.1 7.51 6.00 4.69 3.72 z.41 .29 -1 6.51 = 2 3.10 - 2 1.27 -2
7.0 8.21 6.89 5.74 4.61 3.49 2,42 1.53 -1 8.91 -2 4.37 -2
1.0+ 7 8.58 7.41 6.27 5.12 4.00 2.95 ‘ 2.05 -1 1.34 - 1 7.66 -2
1.5+7 9.01 =1 8.00 -1 6.87 — 1 5.69 =1 4.57 ~ 1 3,56 -1 2.65 — 1 1.85 - 1 1.14 - 1

Energy, eV fio £y fi, fi2 fia fi5 £y i T [ %9
1.0 + 4 0 0 0 0 0 0 0 0
1.5
2.0
3.0
5.0
7.0
1,0+ 5
1.5
2.0
3.0 0 o]

5.0 -6,49 - 4 ~5.27 -4

7.2 6.24 - 4 1.28 - 4 0 0

1.1 +6 -1.83-3 5.81 -4 8.77T -4 4.85 -4

1.7 -3.79 ~3.08 -3 -1.66 -3 1.66 — 4

2.5 -5.52 ~6.32 -3 -3.91-3 ~1.17 -4 0 0

4.1 4.43 1.11 -3 6,03 ~ ¢4 1.11 -3 3.16 -4 -1.03 -3 0 0 0

7.0 9.27-3 ~1.38 - 2 -2.31-2 -2.21 =2 -1.80~2 -1.47 - 2 -1.13 - 2 -6,67 - 3 ~2.06 -3

1,0+ 7 299 -2 ~5.31 -3 -2.63 -~ 2 -3.43 -2 -3.36 -2 -2.84 -2 -2.02 -2 -1.05 -2 -1.67 -3

1.5+ 7 5.3¢ ~2 4.34 -3 -2.99 -2 -4.80 -2 ) -5.14 - 2 | 4,39 -2 -3.02 -2 -1.48 -2 ~1.22-3
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Table 3-4. @ {equation 3-4), £ (equation 3-5), and
v {equation 3-6) Vs Neutron Energy

Energy, ev Ho £ v
1.0 -3 2.825~3 8.450 -3  5.642 -3
1.0 + 4 2.825 -3  8.450 5.642
1.5 6.825 -3  8.417 5.630
2.0 1.183 -2  8.374 5.616
3.0 2.083 8.298 5.590
5.0 3.682 8.162 5.551
7.0 ‘ 5.480 8.010 5.514
1.0 + 5 8.578 7.748 5.438
1.5 1.348 =1 7.333 5.300
2.0 1.737 7.002 5.195
3.0 2.336 6.494 5.032
5.0 3.205 5.759 4.876
7.2 3.883 5.184 4.783
1.1 + 6 4.789 4.416 4.764
1.7 5.767 3.588 4.554
2.5 6.624 2.861 4.279
4.1 7.521 2.101 3.932
70 1 8.219 1.509 3.562
1.0 + 7 8.587 1.197 3.319
1.5 + 7 9.016 8.342 — 4  2.766 I
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Table 3-5. Center of Mass to Laboratory System Transfer Matrix
(Uf.m) for Elastic Scattering of Neutrons on U-238
o~ 0 1 2 3 4 5 6 7 8 9
0 1.00060 0 0 0 0 0 0 0 a 0
1 2.825-3 | 0.99999 | -2.825-3 1.077-5 0 t
2 | 3.591-6 | 5.085-3 0.99997 | -5.085-3 | 2.462-5 0
3 0 1.231-5 | 7.264-3 | 0.99994 | -7.264-3 | 4.275-5 0
4 0 2.565-5 9.416-3 0.99991 | -9.416-3 | 6.529-5 0
5 0 4.353-5 1.156-2 | 0.99986 | -1.156-2 | 9.228-5 0
6 0 6.592-5 1.369-2 | ©0.99981 | -1.369-2 1.237-4 0
7 0 9.281-5 1.582-2 | 0.99975 | -1.582-2 1.597-4
8 0 1.242-4 | 1.795-2 | 0.99968 | -1.795-2
9 0 1.601-4 | 2.007-2 | 0.99959
10 H 0 2.005-4 | 2.220-2
11 0 0 0 0 0 0 0 0 0 2.453-4
o 10 11 12 13 14 15 16 17 18
8 2.001-4 0 0 0 0 0 0 0 0
-2.007-2| 2.450-4 0 l
10 0.99951 |~2.220-2 | 2.944-4 0 ’
11 2.432-2 ] 0.99941 | ~2.432-2 | 3.483-4 o
12 2.947-4| 2.644-2 | 0.99930 | -2.644-2 | 4.066-4 0
13 0 3.486-4 | 2.856-2 | 0.99918 | -2.856-2 ) 4.695-4 0
14 0 4.069-4 | 3.068-2 | 0.99906 | -3.068-2 | 5.368-4 0
15 0 4.697-4 | 3.280-2 | 0.99892 | -3.280-2 | 6.086-4 0
16 0 5.370-4 | 3.493-2 | 0.99878 | -3.493-2 | 6.850-4
17 } 0 6.089-4 | 3.705-2 | 0.99863 | -3.705-2
18 0 0 0 0 0 0 6.852-4 | 3.917-2 | 0.99846
18
f‘? = o Ulmfjn




Table 3-6. Neutron Cross Sections for (n,2n) and {(n, 3n)
Reactions Vs Neutron Energy

Neutron cross section, barns

Energy,
eV {n, 2n) (n, 3n)

1.00 -3 0 0
6.07 + 6 0

6.25 0.03

6.50 0.10

6.75 0.22

7.00 0.46

7.25 0.75

7.50 0.93

7.75 1.05

8.00 1.13

8.25 1.20

8.50 1.25

8.75 1.28

9.00 1.31

g.25 1.33

9.50 1.34

10.00 1.35

10.50 1.34

10.75 1.33

11.00 1.32

11.25 1.31 ]
11.50 1.30 0
11.75 1.29 0.14
12.00 1.27 0.28
12.25 1.24 0.39 -
12.50 1.21 0.47
12.75 1.18 0.51
13.00 1.13 0.55
13.25 1.07 0.57
13.50 1.01 0.60
13.75 0.93 0.65
14.00 0.85 0.69
14.25 0.77 0.73
14.50 0.71 0.76
14.75 0.65 0.80
15.00 + 6 0.58 0.84
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Energy,
MeV

.000 -9
.045

(3%
o

Table 3-7. U-238 Inelastic Cross Section
n,n"’ Energy, “n,n"’ Energy, “n,n" Energy, Tn,n"
barns MeV barns MeV barns MeV barns
0 0.55 1,818 1.50 3,117 8.25 0.73
0 0.56 1.825 1.55 3.180 8.50 0.66
0.050 0.58 1.833 1.60 3.263 8.75 0.62
0.098 0.60 1.831 1.65 3.274 9.00 0.58
0.143 0.61 1.834 1.70 3.220 9.25 0.56
0.193 0.62 1.833 1.75 3.140 9.50 0.55
0.242 0.64 1,824 1.80 3.043 16.00 0.52
0.289 0.66 1.818 1.85 2.945 11.50 0.52
0.337 0.68 1.807 1.90 2.850 11.75 0.40
0.385 0.69 1.820 1.95 2,733 12.00 0.28
0.433 0.70 1.832 2.00 2.667 12.25 0.20
0.480 0.72 1.858 2.25 2,60 12.50 0.15
0.530 0.74 1.908 2.50 2.60 14.50 0.15
0.728 0.76 1.978 2.75 2.61 14.75 0.14
0.850 0.78 2.032 3.00 2.62 15.00 0.i2
0.938 0.80 2.080 3.25 2.62
1.024 0.82 2.126 3.50 2.62
1.085 0.84 2.165 3.75 2,62
1.125 0.86 2.209 4.00 2.61
1.161 0.88 2.242 4.25 2.60
1.189 0.90 2.252 4.50 2.58
1.215 0.92 2.248 4.75 2,56
1.240 0.94 2,234 5.00 2.54
1,265 0.96 2.231 5.25 2.53
1,296 0.98 2.238 5.50 2.51
1.346 1.00 2.259 5.75 2,47
1.383 1.05 2.301 6.00 2.44
1.454 1,10 2.492 6.25 2,32
1.532 1.15 2.644 6.50 2,11
1.611 1.20 2.642 6.75 1.87
1.690 1.25 2,673 7.00 1.60
1.738 1.30 2.818 7.25 1.32
1.772 1.35 3,011 7.50 1.05
1.794 1.40 3.091 7.75 0.90
1.812 1.45 3,111 8.00 0.83
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Table 3-9. Maxwellian Temperature (T.) for
Evaporation Neutrons for U-238

Neutron Maxwellian
energy, temperature,
MeV MeV

0.270
311
.353
.396
438
.464
.483
497
.509
519
527
.534
.539
.543
.547
.549
.550

0.550

MOV LO®~U-LOTNUN AR WWNN
cohwocuhonmouLononmowmo o

[
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Figure 3-2.

Neutron Energy

Average Cosine of Scattering Angle GIo) Vs
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o
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.

Equation 3-4 and {

L

Equation 3-4 and f

LN

Equation 3-4 and {

= Smooth curve through results of equation 3-4, fi data from Figure 3-3,
~—— — Recommended curve of Schmidt.?
data of Wittkopf! (using UCRL-5573 data).
Equation 3-4 and f, data of Wittkopf® (using BNL-400 data).

data of Alter.V

data of Joanou.1!®
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10¢
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Figure 3-3. Legendre Expansion Coefficients (fg) for
Elastic Scattering in CM System (f, = 1.0,

all energies)
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Cross Section, barns

Figure 3-7,

U-238 (n, 2n) Cross Section
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Cross Section, barns

Figure 3-8. U-238 (n, 3n) Cross Section
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Temperature, MeV

Figure 3-9. U-238 Evaporation '"Temperature' for (n, 2n)
and (n, 3n) Secondary Neutrons
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U-238 (n,n') Level Data

Figure 3-10c.
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Temperature, MeV

Figure 3-11. U-238 Evaporation Temperature for (n,n')
Secondary Neutrons
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1,8456403
1:9025‘°3
1:9171+03
1.9687+03
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2:,1243+p3
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2,2357+03
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2:.7501+03
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5.0000-0%
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5.0000-01
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5.0000-01
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2.5560-07
3,9037-02
2,9435-02
8,7647-02
8,7700-02
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APPENDIX B

Graphical Representation of
Resolved Resonance Levels

By courtesy of Dr. E. M. Pennington of Argonne
National Laboratory, Calcomp plots of the capture,
scattering, and total cross sections were obtained
using the single-level, Breit-Wigner model and the
ENDF /B resonance parameters.

B-1 @ Babcock & Wilcox
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