]'71-/.;7 -
N ORNL-4955

ol (ENDF-233)

An Evaluation for ENDF/B-IV of the
" Neutron Cross Sections for 2°U
from 82 eV to 25 keV

R. W. Peelle

MASIER

P

RIDGE NATIONAL LABORATORY /§

OAK

Kl




/r




Printed in the United States of America. Available from
National Technical Information Service
U.S. Department of Commerce
5285 Port Royal Road, Springfield, Virginia 22161
®rice: Printed Copy $4.00; Microfiche $2.25

This report wes prepeved as an account of vork sponsored by the Uswted States
Admwrastration, nor sny of their ewmployess, nor any of their contractors,
subontractors, or their employees, mekes any werranty, express or wwplied, Or
ssmumes any legel liskelity or responsibility for the accwracy, completsness or
usefuiness of any informetion, spperatus, Jroduct o Process disciossd, OF repreents
that its use would not infrings privatsly owned raghts.

———— D, — .
mmi;“:;hm“-_ﬂ.h/-‘l&; : s ok . o amd



ORNL-4955
ENDF--233
vC-79d

LMFBR, Physics

Contract No. W-7405-eng-26

Neutron Fhysics Division

AN EVALUATION FOR ENDF/B-IV OF THE NEUTRON CROSS SECTIONS

FOR 235U FROM 82 eV TO 25 keY¥

R. W, Peelle

MAY 1976

OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830
operated by
UNION CARBIDE CORPORATION
for the
ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION

DISTRIBYUTION OF THIS COCUMENT IS UnLifiis

— o . e e e e e ot e :r—'
.

o

e




Lasl TR M S

ML

i1

Abstract . . . . . . . . e v e e e e

I. Introductiom . . . . . . . . . .

II. Average “ross Sections for Broad Groups

Data Selecrion and Normalization

Resules . . . . . . « .« . . .
Uncertainties . . . . . . . .

II1. Structure Representation . . . . .
IV. Suggestions for Future Evaluations
Acknovledgements . . . . . . . . . . . .

References . . . . . . ¢ ¢« ¢ ¢ ¢ ¢« o ¢ &

19

20

28

32

33

N

N e a————————— A o - A MDY & 4 B et heni



i,

CEAEE

e oo iy

ABSTRACT

Capture and fission cross sections for ??5U in the "unresclved
resonance’” <nzrgy region were evaluated to permit detersiration of
local-average resonance paramaters for the ENDF/B-IV crcss section file.
Microscopic data were examined for iniinitely dilute average fission and
capture cross sections and alsc for intermediate structure unlikely to
be reproduced by statistical fluctuations of resonance widths and spacings
within known laws. Evaluated cross sections, averaged over lethargy
intervals greater than 0.1, were obtained as an average over selected
daca sets after appropriate renormalization. Estimated uncertainties
are given for these evaluated average cross sections. The "intermediate"
structure fluctuations common to a few independent data sets were approxi-
mated by straight lines joining successive cross sections at 120 selected
energ, points; the cross sections it the vertices were adjustcd to reproduce
the evaluated average cross sections over the broad energy regions. Data
sources and methods are reviewed, ocutput values are tabulated, and some
modified procedures ace suggested for future evajluatious.

Evaluated fission and capture {ntegrals for the resclved resonance

it ek

regior. are also tabulated. These are not in agreement with integrals

based on the resonance parameters of ENDF/B versions III and IV.
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I. INTRODUCTION

This report documents an evaluation for ENDF/B-I¥} of the cross

sections for interaction between 233U

and neuirons with energies between
82 eV and 25 keVY, a region now assigned in the ENDF/B syster ac the
region of unresclved resonances. Since the normalization for many of

the meosuremeats used is at thermal energies or in the iow resonarce
region, it was necessary to compare fissicn and capturc irtegrals through
both the resolved and unresolved resonance regions.

In the ENDF/B file the cross sections in the unresolved resonance
region are described in terms of an effective s-wave potential scatter-
ing radius and tabulaticns as a function of energy of local-average
resonance parametc.rs and spacings for each of tne possible spin states

of the compcnd rucleus.?

Spins J = 3, 4 for s-wave neutrons and 2, 3,

4, and 5 for p-wave neutrons have been included. The p-wave resonance
average behavicr is poorly known and was adoptzd from the prior work of
Pitterle et al.’ Level spacings and constant ?Y values were also taken
from the prior work tor the ensembies of both s~wave and p-wave resonances,
as were the numbers of degrees of ireedocm taken to represent the frequency
functions for the widths. The probles then was reduced o choosirng :n

and ff values as a funclion of energ; so tha: the experimental average
cross sections for capture and fission are reproduced; these widths also
control the scattering and total cross sections given by the data file.
These parameters are normally used in processing programs which recognize

the cross-section fluctuations impiied by known distribution laws for

widths and s, acings; :f and :n values are enteved into the file as a
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function of energy to allow "{ntermediate structure” to be Ispresented.
The evaluation problems are therefore to represent correctly bcth the
average cross sections and that part of the structure not likely to be
the result of width and spacing fluciuztions. The presence of such

structure in 235y

has been demonstrated rather strongly for fission, but
only weakiy for capture.” Furthermore, representing the structure forces
the file to reproduce average cross sections close to the experimental
ones even over relatively narrow intervals.

In the work presented here the local-average "structure” cross
sections are given at about 120 points, and these average cross sections
were subsequently used by M. Bhat® to define average Tf and Tn values at
the 120 energies. Between these points the average cross sections are
assumed to vary linearly with energy, but enough points were chosen that
only a small error (£ 17 for an interval as large as one lethargy unit)
woiuld be made if a processing code shouid assume that the parameters
themselves vary linearly with erergy within these intervals.

In this repsrt the terms "average cross section” and '"integral cross
sections” always refer to the extreme thin sample or infinite diiution

case for which there is no self shielding.

I1. AVERAGE CROSS SECTIONS FOR BROAD GROUPS

Data Sele:tion and Normalization

All the energy-dependent capture and figsion data of interest were
obtained using linear electron accelerators. Table 1 lists each data
source, the energy region nn which any data renormalization was based,

the renormalization factor applied, and the energy range through which

.
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Table 1. Data Selection and Renormalization

UCtilfization

Author Nor:ii:::ticn Reno;:zi::ation Range
{keV)
Fission
Deruytter? 2200 m/sec 1.007" to .0205
ORNL-RP1S 2200 m/sec 1.013° to 1.0
(indirect)
Gwin? 2200 m/sec 1.007° to 25.
Blons® 60 - 300 eV .983 .3 to 25.
Perezf 60 - 300 eV .985 .3 to 25.
Capture
ORNL-RP1°€ Resonance integral® 1.000 up te 3
owind 0.02 ~ 0.03 eV 1.000 up to 25
Perez’ 60 ~ 300 eV 1.019 0.3 to 25

aProc. Helsinki Conf. Nucl. Darta for Reactors, vol. 1, p. 127 (1970).
bBased o Gf (2200 m/sec) = 584.5 b.

“de Saussure et al., ORNL-TM-18G4 (1967). Assumed '°B(n,a) has (1/v)
shape.

dR. Gwin, Oak Ridge Naticnal Laboratory, letter to R. A. Dannels,
NNCSC, 12-20-72. R. Gwin et al., NSE, 59, 79 (1976).

®Nucl. Sci. Eng. S1. 130 (1973).
fperez et al., ORNL-3696 and Nucl. Sci. Eng. 5%, 46 (1973).

8A capture resonance integral for the {ntarval 0.45 <Z £1.0 eV was used.
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each data set was used. This table reflects the fact that such measure-
ments are usually based upon a normalization at the low-energy end of
the range studied, with the normalizing crcss section taken from the
literature. An evaluator is then free to adjust this normaj.za~ion with-
out making any challenge to the measurement its;elf. The energy dependence
of each input data set also depends upon the shape of a reference cross
section as well as the validity of the experimental techniques.

For the fission cross sections the evaluation strateg: was to choose
the 2200 m/sec cross section (then) believed to be the choice for ENDF/B-
IV, 584.5 b, and renoraalize to that vaiue the results of de Saussure

et al.,6 Deruytter.7

and Guin et al.® [The final ENDF/B 0 (2200 m/sec) =
585.7 + 2.3 b? was not considered sufficicntly different to warrant rework-
ing the evaluation.] Eariier work was included cnly through its effect

o5 the normalization of the de Saussure (ORNL-RPI) results. The results
of Lenleyl° are excluded here because within the range of interest he
gives an energy dependence which is inconsistent with the other data sets
to the extent of about 5. The results of Blons'' and of Perez et al.'?
were originally given based on normalization to the results of de Saussure
et al.’’ in the range 100 to 200 eV, but for the present effort these
experimental results have been renormalized over the range 60 to 300 eV

to the average value obtained from the three experiments first listed.
Beyond che selection of data and the indicated renormalizations, the
present evaluation is based on a simple average of data from the listed
cxperiments. Within about 0.57 the fission values given in this evalua-
tion are based on the shape vs. energy of the '*B(n,a) cross section as

given by Sowerby et al.l*
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For capture cross sections the procedure was similar to that used
for fission, but differed in that relatively few measurcments were zon-
siderad and oanly the results of Perez gg_gl.’z were renormalizel as showr
at the bottom of Takie 1. There is no apparent incentive to alter the
normalization of Gwin's values® since the 2200 m/sec capture cross section
was not expected to change appreciably for ENDF/B-IV. If the shapes of
evaluated capture and fission cross sections below 0.5 eV had been changed,
the results of Gwin's normalization procedure might have been affected
since two constants were fitted in this region to cbtain capture cross
sections. The de Saussure (ORNL-RPI)® normalization was based on an
absorption resonance integral below 1 eV cbtained from the differeace
between total and scattering cross sections; this chosen absorption
resonance integral is not directly affected by reevaluations of the 2200
m/sec criss sections. de Savssure et al. subtracted their own fission
resonance integral to obtain their capture normalization; and, since
de Saussure's original fission integrals in this region match the inte-
grals recommended in this study, it is reasonable to assume that the
value of the (0.45 to 1.0 eV) fissior resonance integral taken by de
Saussure is correct and that his capture normalization is as valid as

5 that his own fission resonance

when it was published. Gwin aotes!
integral agrees with the ORNL-RPI work (52.4 b), but his absorption

resonance integral is 2.32 higher at 59.3 b. Thus, because oc is much
smaller than Jes if Gwin renormalized to the capture resonance inte«rsl
chosen by de Saussure, his capture results would be lowered 172! Such

a renormalization would improve agreement between the two experiments

for energies below 100 eV, but catastrophically worsen agreement in the
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region of importance to this evaluation. The two measurements do not
have the same shape.

The capture cross sections ziven in this report are mainly based
on the shape of the ®B(n,a) cross section given by Sowerby gg_gl.l'
Had this shape been used consistently, the output capture cross sections
would have been lowerrd4 for this purpose by ~ 9.3Z at * 0.1 keV, ranging
up te about 12 at 3 keV. Above 3 keV the change would have been a

constant G.3%X.

Results

Table 2 shows experimental fission integrals over convenient inter-
vals in the region below 100 eV, giving both raw and renormalized experi-
mental results, the average values recommended as the evaluated output,
and the ratio of the output average to ENDF/B-III integrals. Nnte fthat
from 5.0 eV to 20.5 eV the recnormalized Deruytter fission integral agrees
with the output averagc 2o ™~ 0.1Z7, so no renormalization is required to
take his experiment into account. Table 3 gives similar informaticn for
average fission cross szections in the energy rarge of the evaluation.
Note in both tables that the present evaluation defiaitely gives lower
fission cross sections than ENDF/B-III. The evaluaticn is consistent
with the cross sections chosen for energies in the range 25 - 100 keV,

where evaluation task-group guidelines16

IR S5Y T

above those given by Gwin.

]
called for cross sectlons 2% !
There is in Table 3 an effort tc split the decimal intervals from ¥

!

0.1 to 0.2 and from 0.2 to 0.3, etc., even though the formal data sources

do not give these breakdowns. The divisions were made on the basis of
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earlier private communications and study of the structure histograms
described below, tcgether with the requirement that the avecage of the
values for the subintervals be the evaluated result for the fell decimal
“nterval. Because of the methods used, there is perhaps twice the
uncertainty in the split betveen the two subintervals as in their
average.

For the 23

U(n,Y) reaction, Table 4 shows the values of capture
integrals in the resonance region, and Table 5 the values of input
average cross sections as reacrmalized and the final evaluated aveiage
cross sections. Just as for fission, the resul:s of Perez 2t ai.'? ware
renormalized because their origiaal normalizatio.: was based on a capture
integral in the 100- to 200-eV range which was taken from the literature
(ORNL-RFI®).

The differ .i.ces between the ORNL-RPI and Gwin capture values appear
to be systematic, so one cannot be very sure about the uncertainty in
averaged results such as those presented here. If the capture cross
sections are crucial to any system, a more thorough evaluation of exist-
ing data through the resonance region and above is called for. Some
guidar.ce in the resonance region could also be obtained from study of
total cross sections znd from the average ratio of capture and fission
cross sections observed in integral experiments. The results of such a
study in the resonance regior would be likely to also affect at least the
normalization of data in the unresolved resorance region.

Table 6 summarizes the broad-group average cross sections obtained

in this evaluation, along with the "average alpha” values obtained from

them, Figures 1 through 4 show the evaluated average fission and capture
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? Table 2. 2% Fiasion Integrals. All values in units barn-eV, The first colusmn in each case

TR AT SRR P Y oL
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gives the experimenter's results and tha second the results following normalization par Table 1,

Energy Range  Output Deruytter” ORNL-RPI® gwin® Averags/
(ev) Average rav norm rav norm rav worm (ENDP-111)¢
0.5 - 0.7 13.46 13.26 13.35 13.45 13.62 13.32 13l .983
0.7 - 1.0 17.05 16.66 16.78 17.09 17.31 16,94 17,06 .980
1.0- 1.8 29.4 29.11  29.31 29.09 29.47 29.3 29.5 .991
1.8 - 5.0 50.8 43.96 50.3 50.7 51.4 (.976)
5.0 - 7.4 62.7 62.11 62.5 (62.2) 63.0
7.4 - 10 222 220 221.5 (222) 225 2.7 218.5 961
10 - 15 216 2.4 215.9 215,6 218 213 21L.5 952
15 - 20.5 318 6 nd 320 kP il 313 973
20.5 - 33 Lis L3 LL9 W39 bh2 .957
33 - W L9s Lyd 50b 483 L8é .964
. - 60 923 92U 936 905 911 {.974)
60 - 100 96F 967 980 939 9ué 1.009
100 - 300 u138° 4166 4220 4021 4ok9 .991

®A. Deruytter, Proc. Conf. Nucl. Data for Reactors, vol 1, p. 12T (1970},

®G. de Saussure et al., ORNL-TM-1804 (1967). (The author gives only the sum of the values in
parentheses.) These results sssumed a {1/v) shape for the !%B{n,a) reference cross section.

°R. Gwin, Oak Ridge National Laboratory, letter to F. A. Dannels, KNCSC, 12=20-T72. PR. Owin nt al.,
NSE, 59, 79 (1976). As given in this letter, fission integrals are normalized to a 2200
m/sec fission cross section of 580.2 b. The listed values are as given in Owin et al., WBE, 59,
79 (1976), except for a shift of 4 barn-eV from the 41 - 60 eV intsrval to tha 60 - 100 eV
interval. These results assumed the ENDF/B-III shape for the !°B(n,a) raference cross section
(M. G. Sowerby et al., Ref. 14). This shape has dropped ~ 0.7% below (1/v) by 200 eV,

d'anc.-d on SUPERTOG results nbtained through R. Q. Wright, 78D, UCCND. In the region from 1 to 82
eV the ENDF/B-IV values, shown in parentheses, should be the same as would have been cbtained
using veraion III.

®I1f all cross sections had been based on the "B(n.u) reference shape of Sowerby k- Ref. 1k,
the output fiasion integral frad 60 to 300 eV would have been lovered adout 0, 34§, '
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Table 3.

Average **%U(n,f) Cross Sections.

The first colusn for each experiment gives Lhe experimenter's
Values in [bracketsa)

results and the second column the results renormalized according to Tadble 1.
vere not utilized in the averages, based on the guidelinev of Table L,

All crose sentions are i{n barne.

Energy Range 95!5- ozzﬁnzvnt o:»uo voq.-n Blons® ><3.p.on\ Avarage/
Ak0<v >4.—.‘. rav norm rav hora At nora Tav nora Asﬁ\UIHHH v Gvin
.080 - .100 25.0% 254 25.7 4.2 2L.4 [25.6) (25.2) (25.6) [25.2) 1.03%
2.1 - 0.2 21.00 2.0 21.3 20.5 20.7 [21.0) (20.7) (21.0) (20.6) 992 1,024
.10 - 0.15 22.5 1.9 22.2 {22.6) [22.3) 1,027
0.15 - 0.20 19.5 19.0 19.2 (19.4]) (19.1] 1,026
0.2 - 0.3 20.5 20.9 2.1 19.7%  19.89 [20.9] (20.6) (20.R]) [20.k) 1,022 1,039
0.20 - 0.25 2.5 20.7 20.9 [21.9] {21.6] 1.039
0.25 - 0.30 19.5 18.8 18.9 (19.9] [19.6] 1.037
v.3 - 0.k 13.12 13.16 13,33 12.75 12.8k 13.34 13.13 13.42  13.19 976 1.029
0.4 - 0.5 13.59 13.76 13.8% 13,12 13.22 13.95 13,73 13.71 13.47 .988 1,036
0.5 - 0.6 15.22 15.34 15,54 14,66 1L.77 15.57 15.33 15.50  15.23 1.028 1.038
0.6 - 0.7 11.50 11.59 11.76 11,11  11.19 1.n 11.53 11.72  11.%2 978 1.035
0.7 - 0.8 11.11 11.26 11.51 10,71 10.79 11.28 1.1 11.30 1.1 994 1.037
0.8 - 0.9 8.25 8.28 8.39 7.9 8.00 8.31 8.18 8.57 8.h2 95k 1,039
0.9 - 1.0 7.55 7.65 T7.75 1.28 1.33 7.66 7.5k 7.1 7.58 967 1.037
1.0 - 2.0 7.32 (7.50} [7.61] T.08 7.13 T7.52 T7.h0 7.55  T.42 965 1.03b
1.0 « 1.5 8.07 7.84  T.90 8.2 8.16 1,029
1.5 ~ 2.0 6.57 6.32 6.37 6.16 6.66 1.0k0
2.0 - 3.0 5.3° [5.60] [5.67) 5.14 5.18 5.47 5,39 5.48 5.39 9hs 1,02%
2.0 - 2.5 5.k9 5.F5 5,56
2.5 - 3.0 5.15 5.30 5.22
3.0 - U0 LTS {5.09) [5.16) k.58 u.6 4.66 L.78 h.ok 4.86 .953 1.037
L0 - 5.0 h.27 {b.58) (L.62) .08 L. L.36 4,29 4,48 [N, 955 1,047
5.0 - 6.0 3.80 (3.82] (3.871) 3.712 3.7 M n Lol 3.9k 9ks 1.022
6.0 - T.0 3.0 {3.66) {3.71) 3.1k 3.16 3 66 3.60 3.54 3.8 -] 1,086
7.0 - 8.0 3.15 [3.18) [3.79]  3.05  3.07 3.22 3.17 3,08 3,22 938 1,033
8.6 - 9.0 . [2.96) [3.00) 2.88 2.90 3.17 3.12 3.07 3,02 973 1.0k5
9.0 - 10.0 3.05 [3.10]) [3.14) 3.01 3.03 3. 3.06 3.1 3.06 93 1.013
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Table 3. Continued

Energy Range output® ORNL-RPI Gwin® Perezd Blons® Average?/ Average/

(xeV) Average — (ENDF/B=]TT) Owin
Taw norm raw norm rav norm ravY norm

10.0 - 20.C 2.48 2.46  2.48 2.50 2.46 2.5k 2.%0 .89k 1,008
10 - 15 2.65 2.63 2.65 2.61 2.63 1.008
15 - 20 2.31 2.29 2,31 2.3 2,29 1.009
20 - 30 2.1k 2.1  2.13 2.16 2.13 2.20 2.16 91k 1.01k
20 -25 2.19 2,18 2.20 2,20 2.117 1,00
25 - 30 2.098 2.0 2,06 2.12 2.09 1.02%

‘Propoud evaluated average cross sections.

Brhe rav values are those of Ref. 6, but have been rurther corrected by de Saussure to the 7.8 « 11.0 eV fission integral
2L0 b-eV given in Ref. 7(b) (+~ 1.5%) and to the non=-1/v shape for the '°B(n,a) reaction given in Ref. 1k, The 1.5% renorma-
lization vas not recognized during the performance o’ this evaluation work; correction of this error and that indicated in
footnote e of Table 2 would lower the output average values by ™ 0.7% between 80 and 300 eV, by ~ 0.5% from 0.3 to 1.0 keV,
and by ~ 0.2% for energies from 1,0 to 25.0 keV.

“The "rav" values are from Ref. 8 and are Lased on the '*B{n,a) cross-section shaps of Ref, 14,
Urhe “rav" values are from Ref. 12 and are based on the '®B(n,a) croas-section ahape of Kef, 1k,

®Based on the aversge values from Ref. 11, but in the 0.3~ to 10=keV and 5= to 10-keV enargy ranges, the values wers
taken {rom a full resolution data tape by R. Perez and adjusted a fev tenths of a percent to improve agreement i{n the integral
with the published values over these broad regions.

TENDF/B-I11 values per private communication of O, Ozer to H, Alter, 1-9-73, giving RESEND/INTEND values for MAT 1137
from NNCSC for use of the CSEWG "Big 31" task group. Belov 25 keV the Ozer fission cross sections are uniformly 1.2% lower
than given by SUPERTOG through R. Q. Wright, CSD, UCCND.

&The value averaged from File 3 of MAT 1201, ENDF/B-IV, for this interval is 2.12 b. For this energy region the MAT 1261
values were not based on this work.

SRR AR LA 4 . DR SGMAL D I LA At A0 e 0O e R by
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Table 4. 2%y Capture Integrals. All integral values in barm-eV.

No renormalization of these results vas performed.

b c Average/
Energy Range ORNL-RP1 Guin Average (ENDF /B-IIIa)
(eV)

7.4 - 10 81 95 88 1.09
10 - 15 229 276 253 1.03
15 - 20.5 190 225 208 1.08
20.5 - 33 234 344 319 1.07
33 - 41 271 317 294 1.07
81 - 60 43% 502 468 1.042
60 -100 477 557 517 1.22
60 -300 2525 2677 2601 1.05

2ENDF/B-111 values obtained from MAT 1157 using SUPERTOG by
R. Q. Wright, CSD, UCCND, below 60 eV.

bl!ae.ed or R. Gwin, ORNL, private communications, 1973 and 1975.
Based on summations from the data tape representing the ORNL+RPI

measurements of G. de Saussure et al., as given in ORNL-TM-1804 (1967).

‘r. Gwin, ORNL private communication (1973). Final merged values
from the same experiment (R. Gwin et al., Ref. 8) are 525 b-eV for the
60 - 100 eV interval ané 2641 b-eV for the 60 - 300 eV interval.
Therefore, 1f this same method of evaluation were used again, the
renormalization constant for the Perez data would be lowered by 0.7%
to correct for this change.

dBased on the ENDF/B version 4 MAT 1261, whieh should not differ
much from MAT 1157 in this cnergy region.

L T Py WA S s 0 e
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Table 5. Aversge 2’%(m,y) Cross Sections. The resuits in brackets were mot utilized
in obtaining the eveluated aversge. The second column under Perez gives results
~enorsalized in eccord with Teble 1. All cross sections are ia barms.

Energ ' 3ange Output Perez Average/
(xev) tversge WXL Owin — . (mwrnnn®
0.08 - 0.10 15.7 15.0 16.4 (15.5) [15.8])
0.10 - 0.20 11.9 11.h5 12.3 {11.45] (11.67] 1.al
0.10 - 0.15 12.8 13.2
0.15 - 0.20 11.0 1.k
0.20 - 0.30 8.95 9.03 8.88 [9.02] [9.19] 1.03
0.20 - 0.25 10.7 10.7
0.25 - 0.3 7.1 7.1
0.30 - 0.50 6.56 6.56 6.63 6.3 6.0 1.17
0.50 - 0.50 .83 5.03 A9 MTT ».06 .93
0.50 - 0.60 s.62 5.0k .25 A b9 A58 .87
0.60 - 0.70 M.67 .81 M.6T AL A5 .97
0.70 - 0.80 .91 5.07 ».82 LTS5 kB .95
0.80 - 0.9¢C 5.15 b33 h.0S 3.98 5.06 -9%
0.90 - 1.0 5.05 5.36 595 k.75 M8 1.26
1.0 - 2.0 2.98 3.26 2.97 2.6 2.72 .90
1.c-1.5 3.h0 3.3 3.08 3.1h
1.5 - 2.0 2.56 2.60 2.26 2.3
2.0 - 3.0 1.97 1.83 2.1 1.9 198 .96
2.0 - 2.5 2.2 2.36
2.5 - 3.0 1.7h 1.86
3.0 - ko0 1.62 1.7h 1.h6 1.9 9
k.o - 5.0 1.53 1.55 1.57 1.0 .96
5.6 - 6.0 1.2 1.2 .99
.0 -T0 1.0 1.M8 1.30 1.32 1.09
7.0 -8.0 1.33 1.3 1.33 1.36 1.12
8.0 -9.0 1.h5 1.88 1.38 1.h 1.32
9.0 -10.0 1.2% 1.26 1.22 1.2 1.08
10.0 -20.0 0-99 0.986 0-97
10 - 15 1.08 1.08
15 - 20 0.90 0.99
20.0 -30.0 0.82 0.82 0.96
20 - 25 0.87 0.87
25 - 30 0.77 0.77

%2ased on privete communication of 0. Ozer, MICKC, MSL, to Rarzy Aliss 11-9-73);
these results vers cbtained using RESEND/INTEND. Up through 20 ke¥V these version
3 capture cross sections are uniformly larger by 2.0 than those genersted by
R. Q. Wright, CSD, UCCND, using SUPERTOG. Thus "sverage alpha” values differed .
altcgether by 3.65. Evalusted dats of WAT 1157 was used.




Teble 6. A Summary of the Preseni ?35U Evaluated
Average Cross Sections for EXDF/B-IV (MAT 1261)

a
o ue e R 0w
0.08 - 0.10° 25.05 15.70 0.627
0.10 - 0.15 2.5 12.8 0.5
0.15 - 0.20 19.50 11.00 0.56h
0.20 - 0.25 21.50 10.70 0.k98
0.25 - 0.2 19.50 7.10 0.36k
0.30 - 0.bo 13.12 €.56 0.500
0.b0 - 0.50 13.5% L.83 0.355
0.50 - 0.60 15.22 k.62 0.30k
0.60 - 0.70 11.50 h.67 0.k06
0.70 - 0.8 11.11 L.91 0.53k2
0.80 - 0.90 8.25 k.15 0.503
0.90 - 1.00 7.55 5.05 0.669
1.00 - 1.50 8.07 3.40 0.k21
1.50 - 2.00 6.57 2.56 0.390
2.00 - 2.50 5.9 2.20 0.401
2.50 - 3.00 5.15 1.7b 0.338
3.00 - k.00 L.75 1.62 0.341
4,00 - 5.00 L.27 1.53 0.358
5.00 - 6.00 3.80 1.2 0.37h
5.00 - 7.00 3.41 1.40 0.411
7.00 - 8.00 3.15 1.33 0.422
8.00 - 9.00 3.01 1.k5 0.482
9.00 - 10.00 3.05 1.25 0.410
10.00 - 15.00 2.65 1.08 0.k08
15.00 - 20.00 2.31 0.90 0.390
20.09 - 25.00 2.19 0.87 0.397
25.70 - 30.00 2.09 0.77 0.368

l"l'he fission crogs-section nomalization is based on the
value S84.5 b at 2200 m,’sec.

b’l'he value given is the quotient of the tabulated capture =ad
fission average cross gections.

®For the range 82 ~ 100 eV, 3, =16.0b and 3, = 2b.6 b.
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Fig. 1. A Comparison of Evaluated Average 23%y Pission and Capture
Cross Sections with the Structure Representation for Neutron Energies
Between 10 and 100 eV. The broad-dashed histogram is the evsluated aver-
age capture cross section, the solid one is the evaluated fission, and
the short-dashed one illustrates an average fission cross section 1.028
times that given by Gwin (Ref. 8). The points representing the structure
information for fission and capture cross sections are shown as small F
and C characters joined ty oblique lines to guide the eye.
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1.028 times thst given by Owin (Ret. 8). The points representing the
structure information are shown ss small ¥ and C characters joined by
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cross sections a3 histograms. Fission histograms obtained directly from

the results of Guwin (x 1.028) are given for comparisomn.

Jncertainties

On the graphs of output average cross sections the uncertainties
are represented as *3% for fission and *8I for capture. Based on scatter
among the observations and some knowledge of the techniques used, more
detailed cross section uncertainty estimates are made below. The uncer-
tainty in the energy scale is inconsequential compared to the other
difficulties in appropriately representing the structure.

Both of these cross sections are affected in the same vay by any
uncertainty in the !°B(n,a) cross section, a shape uncertainty, relative
to the cross section as 1 eV, judged to be about 1% at 4 keV growing to
22 at 20 keV. A little allowance is made here for failure of the detec-
ter system accurately to reflect the reactions which occur.

The normalization of the evaluated fission cross section, counting
the unc~rtainty in the low energy zross section, the various experimental
normalizations to it, and the two or thr: ~ internormalization steps often
required to reach 100 eV, are estimated to have a combined uncertainty
of $2%. The corresponding normalization uncertainty on the evaluated
average capture cross sections is estimated to be *7X% though, were it
not for the wide discrepancy between the capture integrals of Table &
in the region below 100 eV, a normalization uncertainty of about 42X would
have been chosen. In each case these normalization uncertainties are

correlated over the whelie energy range.

W oot B e i G By
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The remaining uncertainties, generatad by backgrourd subtractions
and other experimental difficulties, may be partially sensed by the
scatter of the average cross sections reportec by the various wvorkers,
and are assumed not to be widely correlated ov:r energv. These uncer-
tainties are estimated to be about 21 for the evaluated average fission
cross sections and about 42 for the evaluated average capture cross
sections.

The rms cowbinations of the above uncertainty components come to
about *32 for fission and *81 for capture as shown on the plcts.

Because the concept of the structure cross sections discussed in
the following sections is somewhat muddy, no effort is made to describe

the uncertainty in other than the average cross sections.

III. STRUCTURE REPRESENTATION

Structure more marked than would be expected from known distributions
of spacings and widths can be represented in an ENDF/B file by energy-
dependent average neutron and fission widths. To make use of this option
it is necessary first to determine what experimentally observed structure
(averaged over AE much larger than the level spacing) is real, and then
to estimate what part of this real structure is effectively represented
by accepted spacing and width distributions. In 235y it has been shown
that at least the fission cross section cannot so be rapresented.”

To derermine the real structure in the fission cross sections, the
data sets of Gwin, Perez, de Saussure, Blons, and l.eu:ley‘""“’"lz were

examined a: full resolution to assure that they were on a common energy

scale. Small changes in the flight-time zero were made to bring the
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others into accord with the Gwin and Lemley data sets, which agreed and
were arbitrariiy taken as correct. Plots were than made from each data
set integrated over 10-, 100-, and 500-eV intervals within successively

higher energy regions.'’

The results from the various experiments were
visually compared and the major aspects of the common structure were
represented with a trapezoidal approximation; below 2 keV in fission
there was no disagreement even in details of the structure, and at
higher epergies the major features selected were fairly unambiguous.
Tne selected energy values were then merged with those found necessary
in the similar study of capture cross sectioas using the three available
data sets, and the cross sections at the resulting 100 energy points
vere adjusted to require that averages over the structure give the
evaluated average cross sections of Table 6. Note that no objective
criterion was utilized to indicate which fluctuations in the observed
cross sections should be represented in the files. Later, points were
added to assure that reconstructed average cross sections are almost
independent of whether cross sections or average resonance parameters
are linearly interpolatecd between energy points in processing codes.
Table 7 gives both the fission and capture cross sections at (i.e., in
the immediate neighborhood of) the 120 energy points selected to repre-
sent the structure, as well as the derived ratios of capture to fission
cross section values.

To state the relationship between the evaluated average cross sec-
tions and the ENDF/B parameters more prccisely, the cross sections in
Table 7 reproduce the average cross sections of Table 6 using a "linear-

linear” interpolation and unit weight. The parameters in the ENDF/B-1V
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Table 7. Point Cross Sections for 233U Fission and Capturea
E FISSi0d CAPTURE AlLPHA E FISSION CAPTURE ALPHA
YEV RARNS JanNS KEV bARNS BARNS

0.27280 2¢.,24 13,38 Z.474 4,42 4.51 1.47 8,326

0.0265 26,33 14,72 2.556 4.5 3. 75 1.59 .426

€.201¢ 24,63 16§.2¢ 2. 652 4,90 3. 74 1.34 ¢.362

T.2955 22 .7 17.32 8.755 5.6 .73 1.8 2.254

2.100 21,22 i?.63 8.7¢68 5.1ie 3.5¢ 1.32 8.36%

c.lle 22 .46 {15.23 ©6.669 5.2¢ 3.43 1.55 v.45¢€

d.12¢ 23.952 11.44 <.478 5.25 3.52 1.33 0.377

£.1F0 18 .39 .94 2.935 .36 J.6¢ lell 6.38%

2.24€ 22,8~ 12,77 2.475 5.6 4,36 1.87 2.246

B2.268 21.96 R.54 ©6.383 5.65 J.F¢C 1.27 2.327

D278 21.24 §.31 8.297 5.7@ 3.3S 1.46 2.431

2.232 15.1¢ 5.45 8.359 5.50 4,27 2.11 2.454

2.3 12,73 5.29 2.463 €.0@ 3.4l 2.13 8.625

0.315% 12.93 7.28 4.564 6,18 3.54 1.58 ¢.446

6.332 13,12 2,69 2.662 6.45 3.3¢ 1.39 B.412

2.345% 13.1% 7.24 ¥b.545 6.2€ J.22 1.21 8.375

2.362 13.23 5,79 .43 T.06 3.76 1.15 0.316

r.458 13.19 4.51 20.342 7.28 J.22 1.34 0.416

@#.52¢ 15,38 5.32 .346 a,13 2.87 1.36 2.473

R.56% 15.24 4.37 2.287 a,36 2.81 1.71 8,611

2.610 15.11 3.42 e.226 £.,50 3.11 1.59 8.512

e.62¢C 12.37 4,75 2.384 g, 70 3.A2 1.47 ¢.431

2.63¢ 9.64 6.89 9.632 S,.20 2.64 2.99 8.375

2.642 9.36 2,81 v.504 95.28 3.26 1.38 2,399

e.652 18,23 5.53 e.5fre 16.48 2.7} 122 3.454

8.660 18.5¢ 3.¢5 b.366 11.4€ 2.87 1.16 2.403

2.718 12.29 3.45 e.2e1 11.78 2.28 1.10 0.4R2

8.72% 11 .84 5.28 8.446 11.508 3.27 1.7 0.327

2.742 11.46 7.11 4.624 12,06 2.58 1.87 8.415

8.75% 1.01 5.69 8.517 12.20 2.71 1.21 8.447

B8.770 1€.61 4,27 0.402 12.30 2.35 1.21 @.515

2.882 7.18 4,03 b.561 12.72 2.33 1 @5 2.459

e.%1¢ 7,2€ 4,22 €.587 13.3¢ 2,97 2.99 £.332

2.9%2 6,92 5,32 0.769 13.60 2.61 0.99 4.379

1 8RS R.67 4,75 2.502 14,42 2.42 0.98 g.4C4
1.182 12.42 3.37 2.324 15,80 2.R0 .87 8.310
1.22¢ 8.84 3.07 0.449 15.10 2.14 .07 h.485
1.308 7.46 2.56 6,344 16,402 2.4F 0.99 g.408
1.40€ R.4% 2.,5% 8.3e5 17.59 2.01 1.21 3.,5C4
1.410 ",08 4,56 6.513 17.60 2.31 2.95 P.411
1.450 3.99 2,63 €.293 12,48 2,40 2.86 ¢.36¢
1.462 .03 2.65 0,292 195,20 2.48 .78 2.312
1.4R@ J .58 2.76 2.692 19.30 2.12 8.7¢8 ¢.366
1.508 4,47 2.79 2.623 19.9@ 2.21 f.72 8.351
1.545 6,03 2.65 9,.44¢ 20.2¢ 2.63 2.79 2.301
1.55¢ 7.59 2.52 0,331 20,20 2.2F B.¥9 2.393
1.70 6.09 2.29 92,333 28,40 1.92 1.008 0.519
1.90 5,77 2.69 8.466 21.080 2.24 1.1 6.453
1.91 7.29 2.78 0,378 21.28 187 P.E9 6,475
2.0¢ 6.39 2.89 0.452 21,78 2.25 b.B3 2.371
2.1 5.26 2.32 8,455 22.28 2.63 e.7¢ 6.297
2.3¢ 5,43 2.1 ©.3¢ 6 22.30 3.20 8.73 8.24¢
2.50 5.01 l.8¢ 2.323 22.,4¢ 2.42 0.7 8,332
2,78 4,98 [.65 8.332 22,80 2.14 €.85 0.3917
3.20 5.2¢2 1.29 8.378 23.2¢ l.87 e.5@ €.4922
J.30 4,92 1.64 6.334 23.40 2.04 .29 0.434
J.40 4,23 1.4¢ 8.283 24,2¢ 2.1¢2 9.31] 0.422
3.75 4,57 .56 0,341 24,40 2,45 2.21 2.330
4.1 4.31 1.73 6,200 24,69 2.14 2.73 B.342
4,39 5,20 1.55 0,258 25,87 2.16 8.79 6.364
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%/hen these fission and capture cross sections are integrated using lin:ar-
linear interpolation between the given energies, the average cross sections
of Table 6 are reproduced.
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file were obtained for the energy poiats of Table 7 by Mulki Bhat5 of
the National Neutron Cross Section Center with the use of the code UR.

This program adjusts values of f; and T, for 235U for levels of spin 3

f

and spin 4. All other parameters were fixed without review to the values

chosen earlier by Pitterlie et al.? and listed below, where v_ and v, 3re

f

the chi-square distribution parameters for fission and neutron widths.

L J D vf vn Tf
(eV) (eV)
0 3 1.0 2 1 var.
0 4 1.0 1 1 var.
1 2 1.16 2 1 .332
1 3 1.0 1 2 .127
1 4 1.0 2 2 . 286
1 5 1.12 1 1 . 143
The p-wave strength funciion was taken as 2.0 x 10-4 eV-1/2, while

the s-wave strength function as well as the Ff values are taken tc vary
from point to point. For all cases fv = 35 meV. Unlike the previous
efforts, f; was allowed to differ at some energy points between the
J = 3 and 4 level ensembles. The previous constraint that ff J = 3)
be twice ff (J = 4) was also dropped at about half the energy points
represented.

Figures 1 through 4 illustrate the proposed evaluated average cross
sections compared to the structure representation of 100 2nergy points
covering the rarge 60 eV to 30 keV., The lines which join the points

representing the structure are to guide the eye; they do not follow the

linear interpolation law,
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Figure 5 shows for the region below 1.5 keV a consensus of experi-
mental f ission results averaged over 10-eV intervals, the proposed strvc-
ture cross section from Table 7, (solid-line sawtooth), and the comparable
sawtooth from ENDF/B-III, MAT 1157 (via Mulki Bhat, NNCSC). The proposed
new version shows greater variation, and this trend continues to higher
energies. At the right side of the figure this difference is nowable in
the representation of the major dip. Note that while 120 energy points
are entered in the file, the structure represented _liere has about 30
maxima in the 25 keV interval. At the lower energies the spacings between
these major fluctuations are v 0.2 keV (v 200 s-wave resonances) whil:
at higher energies the typical spacings are in the neighborhood of 1 keV.

If a processing code interpolates average resonance parameters rather
than cross sections between the given points, slightly discrepant group
cross sections will be obtained. Such interpolation of parameters is
firmly required in processing cross sections for point Monte Carle

codes.!?

A test was made for the infinitely dilute case by interpolating
parameters to obtain cross sections at energies midway between those of
Table 7. The average cross sections over the decimal intervals of Tables
3 and 5 using the resulting 240 points (half of them obtained by the
"incorrect" interpolation procediure) were then compared with the evaluated
("correctly'" iaterpolated) results. For the average cross sections over
"decimal intervals" the differences amounted to no more than +2/3% in
fission and -1.37 in capture, with maximum discrepancies in the range

6G0 - 700 eV. Averaged over the regions from 0.1 to 1.0 keV, 1 to 10

keV, and 10 to 25 keV, the apparent cross section deviations of the

altered (240-points) averages from the input evaluated valuez for fission

S80I 000 N1 p b
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were 0.261, 0.202, and 0.13%; those for capture were -0.692, -0.35Z, and
-0.172. These differences are acceptable in terms of present cross-section
uncertaintie:, although the apparent discrepancies would increase some if
parameter interpolations were performed at even more energy points between
those at which the parameters are given in the file.

When average resonance parameters were chosen to fit the pointwise
fission and capture cross sections (by M. Bhat of NNCSC using the pro-
grac UR), ENDF/B-IV total cross sections at each energy point were
established once an effective scattering radius was chosen. The averages
of these cross sections over broad intervals are compared in Table 8 with
the experimental average total cross sections of Uttleyl' wvhich above
1 keV are quoted to uncertainties smaller than the systematic differences
between each pair of comparable values. The observations of average
total cross seciiors were not employed in the present evaluation except
to help stimulate the decision that the potential scattering cross sec:iion
in the unresoived region be given the same value as in the resolved region
(11.5 b) rather than the EN. /B-III value of 10.3 b. (Uttleyl' suggested
a value 11.7 b based on his experimental data., This practice of giving
little weight to observations of total cross sections seems inherently
unsatisfactory, but proper consic:2ration would require development of a
fitting system to give appropriate weight to each type of data. For the
case of 2°%U, more precise (thin sample) observations of the total cross

Ssection may also be required.
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Table 8. Comparisom of ZNDF/B-IV 213U Total Cross Sections
With Experimental Results of Uttley.‘

Energy Range Total Cross Sectionb ;
(keV) Uctley® ENDF/B-IV ,
0.1 - 0.2 460 * 1.0 45.5 :
0.2 - 0.3 4.7 = 1.0 42.3 :
0.3 - 0.4 31.11 + .18 32.0
0.4 - 0.5 29.73+ .19 3.6
0.5 - 0.6 31.26 ¢ .21 32.2
0.6 - 0.7 27.15 ¢+ .21 28.6
0.7 - 0.8 28.57 =+ .22 28.6
0.8 - 0.9 23.69 ¢ .24 2.7
0.9 - 1.0 2.64 + .25 25.2
1.0 - 1.5 2%.0 =+ .3° 23.8
1.5 - 2.0 2.6 + .3° 21.2
2.0 - 3.0 19.81 + .10 19.23
3.0 - 4.0 18.83 + .14 18.2 :
4.0 - 5.0 18.09 =+ .16 17.7 ;
6.0 - 7.0 16.96 = .18 16.6 ;
7.0 - 8.0 16.69 = .19 16.2 3
8.0 - 9.0 17.08 ¢+ .20 16.3
9.0 - 10.0 16.47 = .20 16.0
10.0 ~ 20.0 15.44 + .10 14.9

8C. A. Uttley, AERE M1272 (1963).

bIn these regions Uttley's table was collapsed assuming that
the uncertainties, given for 0.1 keV intervals, were fully
correlated.

o
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IV. SUGGESTIONS FOR FUTU £ EVALUATIONS

Evaluations >f structure would Le more straightforward using histo-
graa interpolation of cross sections since results could be derived more
defensibly by averaging experimental cross sections over selected energy
intervals. So long as there remains ambiguity as to whether cross sec-
tions cr average parameters will be interpolated between the energy
points ziven i the file, the number of such emergy points must be large
to assure that the intended cross sections will be reproduced by process-
ing codes. Note that vhen average parmmeters are indicated to be
lndepe;dent of energy, it is imperative to "interpolate” (the fix 1)
parameters at intervediate energles; if parameters are tabulated as a
function of emergy, both evaluation and processing (for multigroup codes)
are simplified if cross sections are 1nterpolated.2° If all processing
codes were able to recognize this distinction or a similar rule that
parameters be interpolated whenever the ENDF/B tape lists exactly the
same parameter values for successive energy points, the ambiguities
could be eased. It now appears that the recommendations of Ref. 20 are
generally being followed for multigroup processing.

When the ENDF/B-IV MAT 1261 file based on the present evaluation
wag used to give average unit-weight cross sections, it was found that
the evaluated values of Table 6 were not generally reproduced within the

tolerances attributable to the interpolation problem.?!

A significant
portion of the discrepancies first observed seemed to depend upon the
way in which a particular processing code handled the so-called fluctua-

tion integrals which involve quantities like <:3n Fx/fgz for each class
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of levels. If it is determined that the more important processing codes
use a particular method and mesh spacing for evaluating these integral.,
the same method should be used in determining the values of the average
resonance parameters to be placed in the ENDF/B file.?® Recently Bwang
and Henryson have reviewed the quadrature problems and developed low-order
quadrature applications which achieve good prncessing accuracy.z2

It is apparent in Tables 2 and 4 that fission and capture integrals
in the resonance region using ENDF/B~IIl parameters are inconmsistent with
the results of this evaluation and probably incomnsistent with presently
accepted 2200 m/sec values. The resolved resonance parameters for
ENDF/B-1IV are the same as for version 3, so version 4 integral fissiom
cross sections in the resolved region will be about 2-42 larger than
is indicated by the data considered in the present evaluation. Perhaps
in the next years it will be possible to review this evaluation in the
resolved resonance range taking into account all present data including

experimental resonance integrals.

oAt I 5y Y L ALIS AN A 0 ben g L3 e 0t

In performing this work the author was impressed with the arbi-

3

trariness of the procedure he found himself using to decide which por-
tion of the observed structure should be reflected in changes in the
"unresolved parameters” entered into an evaluated file. The method of
inserting the structure into the file was also somewhat arbitrary. Some

benchmarks in addition to the average cross section are required, and

the intuitive guide (that the most dramatic structure should be reproduced

if it covers an energy interval containing many resonances) seems too

qualitative.




Additional ralevant informstion is contained in thick-sample trans-
mission and self-indication reactioe data, but no effort was made to
test against such data?’ for this evaluatioa. Future evaluations could
be more authoritative if such data were taken into accoimt. Alternatively,
quantitative criteria could be set up to permit decisions based on com-
parison of observed cross-section fluctuatioms to those computed from
represeatative "ladders” of resonances obeying the fluctuation laws
assumed in the processing codes.

Beyond the details of the problems emcountered in this evaluation,
one should recognize that a good share of the structure in the "unresolved
resonance” region s resolved in a practical sense, though a resonance
analysis would miss many levels which are weskly excited. For example,
existing fission measurements at ORELA2"® using the 150-meter flight path
resolve all the structure that would be sensed by neutrons with energy
less than 5 keV in a commercial fast reactor; improved resolution is
available if needed. This observation implies that evaluated resolved
resonance files might comtain fits to observed 2?3y crvss sections up
to energies much higher than 82 eV, it being unimportant to practical
applications that many small resonances are missed. For so much of the
energy region as could be covered in this manner, the arbitrariness and
propensity toward error connected with the "unresolved resonance region”
could be avoided. About 130 resonances are now indicated for 2?5V in
ENDF/B-11I or IV. With twice this number one could reproduce the data
to 0.2 keV, and with a total of about 600 resonances one could reach

1 keV.

el
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At the upper end of the interval the Doppler broadening for 2°%y
(~ 10 eV at 20 keV for 25U at 830° K) is many times as large as the
resonance spacing, so use of the unresolved resonance technique for this
nuclide may not be required for neutron energies above ™ 10 keV; any
observed intermediate structure could better be represented by a "smooth”
cross section interpolated between energy points spaced as closely as
necessary to represent the structure. Such a conclusion is supported
by the work of Bramblett and Czirr’? but should be tested against rigor-
ously calculated self-shielding factors before action is taken to modify

the energy range now covered.
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