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ABSTRACT

238U cross sections

This report describes an evaluation of the
below 4 keV. Recent measurements and reanalyses of older data are
discussed. Evaluated resonance parameters are obtained for 164
s-wave and 280 p-wave levels. The capture widths of the first three
s-wave levels are significantly lower than in the ENDF/B-IV evalu-
ation. The s-wave strength function above 1.5 keV is systematically
' larger than in ENDF/B-IV. Statistical and systematic uncertainties
are evaluated for the resohance parameters and for the smooth back-

grounds. The statistical distributions of the resonance parameters

are compared with theoretically expected distributions,

vii



1. INTRODUCTION

238

In this report we discuss an evaluation of the U cross sections

below 4 keV, intended for inclusion in ENDF/B-V.

These cross sections were evaluated for ENDF/B-IV by F. J. McCrossonC]

in September 1973. Since that time a number of important new measure-

238U cross sections have been reported;821'833

A7

ments of the low energy
and some older measurements have been carefully reexamined.
The 238U resonance parameters are particularly important to the
calculation of the Doppler effect in fast reactors and of the conversion
ratio in thermal reactors. Much of the recent interest in the reevalu-
ation of these parameters has arisen from the apparent inability of the

ENDF/B data to predict the 238

U capture rate in thermal critical lattices.
New precise measurements and new analyses of older measurements have been
greatly stimulated by a "Specialists Meeting on Resonance Parameters of
Fertile Nuclei and 239Pu" held in Saclay on May 20-22, 1974A5 and by a-

238U Resonance Capture" held in Brookhaven National Labora-

"Seminar on
tory on March 18-20, 1975.A7 The proceedings of these meetings contain
considerable information on the experimental differential measurements
and on the utilization of the data for the analysis of integral experi-
ments.

In the next section of this report we briefly review measurements

238U cross sections below 4 keV, performed since

Cs

and analyses of the
1974, Earlier experiments have been reviewed by Moxon. In the third
section we discuss the evaluation of the resonance parameters. Smooth
backgrounds (File 3) are discussed in Section 4. The distribution of
the evaluated parameters is examined in Section 5 and a discussion

of the errors is presented in Section 6.
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2. RECENT MEASUREMENTS AND ANALYSES OF U CROSS SECTIONS

238

Measurements of the U resonance parameters done before 1974

€5 Since then exten-

B26

have been reviewed and discussed by M. C. Moxon.

sive series of measurements have been reported by Nakajima et al.,

B31

Olsen et al., and Poortmans et a].B32 These three series of meas-

urements extend to energies well above 4 keV, but the analysis of the

B

Geel measurements is not yet completed, Lioy and Chrien 30 have per-

formed transmission, self-indication and gamma-ray spectra measure-
ments for epithermal neutron energies and have obtained resonance

parameters for the s-wave levels up to 116.85 eV. Corvi, Rohr, and

!.sleigmannBz5 were able to make many p-wave assignments in the neutron

energy range from 10 to 1600 eV by measuring the fraction of capture

238

- gamma rays above 4.3 MeV. Subthreshold fission in U below 4 keV

B27 Blons, Mazur, and

B33

has recently been investigated by Block et al.,

B28 B24

Paya, Wartena, Weigmann, and Migneco, Difilippo et al., and

Slovacek et a].BZQ Finally a series of self-indication measurements

was recently completed at RPI.B34

D1

The analyses of these measurements

by Block et al. and by Finch™ are still preliminary. Some experi-

mental details of the recent measurements are summarized in Table I.

Some of the older measurements have recently been reexamined.

The very high accuracy of the resonance parameters of the 6.67-eV

B8

level reported by Jackson and Lynn - has been questioned by a group

238

of experimentalists at the "Seminar on U Resonance Capture." In

their view "this high accuracy is not supported by any details re-

A7

ported in the paper and is judged to be unrealistic." tiou and



Table I.

Experimental Details of Recent Measurements

{For experiments prior to 1974 see Moxon's review, Ref. (5)

Author, Year, Energy Range Type of Type of
Labgratory -~ Ref. (eV) Measurements Detectors Samples Analysis Comments
Corvi, Rohr, Weigmann B25 10-1600 Cacture and o{E,Ey) NaI{T1) 13.9 g/cmé agd Area P-wave assign-
(75) Euratom, Geel, Linac, 50 m 4.64 g/cm ments
Belgium
Nakajima et al. (75) B25 20-4700 Transmission, 1.25 cm thick b5 .00725 "Atta Harvey One sample at
JAERI, Japan Linac, 190 m glass .014 atom/b Area 779K
.0236 ) N.U.

Liou and Chrien (76) B3) <120 Transmission, Self- Nal + 1% from 8.6.107° Area & multi-
BNL indication, capture and Ge Li to .09 atom/b level shape fits

fast chopper
Olsen et al. (77) B3I 1-4000 Transmission, Linac 1 mm and 2.5 cm from 1.85.10'4 SIOB: Multilevel ---
ORNL 40 and 150 m thick 6Li glass to 3.62 atom/b shape -analysis
Poortmans et al. (77) B32 1-4270 Transmission, capture, CgFg 1iquid scint. for from 10'5 to .03 Atta Harvey shape Some samples
Euratom, Geel, Belgium scattering, Linac 30 capgure 3He gas scint. atom/b and area; & SIOB at 770K.

and 60 m for scattering and multilevel shape Data Pre-

transmission liminary
Block et al. (77) B34 Seif-indication Large liquid scint. .08 to 1.3 cm thick multilevel fits Analysis in-
RPI Linac 25 m : ~complete
Block et al. (73) B21 >600 Subthreshold fission Ionization fission --- Area -
RPI Linac, 10 m chambers
Wartz2na,Weigmann,Migneco B24 >600 Subthreshold fission Liquid-scint. (to detect. 250g 238U sample Area
(75) Euratom, Geel, Belgium Limac 30 m prompt fission gammas)
Blons, Mazur, Paya (75) B28 >600 Subthreshold fission gas-scint. -—- ---
Saclay, France Linac 22.4 & 52 m
Slovacek et al. (77) B29 >1 Subthreshold fission Tonization fission -- Area Includes esti-
RP1 slowing down spect. chamber mate of thermal
fission cross sec,

Difilippo et al. (77) B33 >1 Subthreshold fission Ionization fission 4.79 238U in Area Relatively good
ORNL Linac 20 & 40 m chamber chamber resolution




ChrienB30

have carefully reviewed the work of Jackson and Lynn and
have noted that these authors failed to account for the increase in
resonance parameter error required by the uncertainty in the vibra-
tional parameter. Liou and Chrien estimate that the uncertainfy in

the width of the 6.67-eV level from the measurement of Jackson and

Lynn should be more than three times as large as that given by those

authors,
. D2,D3 ana D2 ' _
Derrien and Ribon™" have reanalyzed some of the transmissiun
measurements of Rahn et a'I.R?n and of Cérrdro'dnd'KuldrB]7 using

least-square shape analysis. The neutron widths obtained by their
shape analysis are considerably different than those obtained by area
analysis. Between 1450 and 1760 eV the neutron widths obtained by
Derrien and Ribon from the data of Carraro and Kolar are 16% smaller
than those given by Carraro and Kolar. Between 2.5 and 2.8 keV
Derrien's values of Pn obtgined from the analysis of the transmission
measurements of Rahn et al. are 14% higher thah those given by Rahn
et al. Derrien attributes these differences to errors in the trans-
mission backgrounds in the measurements. The shape analysis tech-
nique can "fit" a residual transmission background and hence should

be more reliable.

The comparison between shape analysis and area analysis results
is illustrated in Tables II and III (taken from the paper of Derrien).
It is noteworthy that some values of Pn obtained from the same data,
by the two methods of analysis, differ by an amount 1aﬁger than their

quoted uncertainties.



Table II.

238

U Neutron Widths for Large Resonances Between
1450 eV and 1760 eV

Shape analysis Shape analysis Geel published Columbia
Energy of Geel data of Columbia data values published values
(2 thicknesses)(3 thicknesses) _ B17 B20
oY rn, meV n, meV rnJ meV rn. meV
1473.4 s 22 108 22 12528 125 2 10
1522.3 215 24 236 £ 3 260 ¥ 15 240 ¥ 45
1597.5 309 26 352 2 4 351 ¥ 40 355 X 25
1622.3 97 X2 88 L2 16 ¥ 15 68 X 14
1637.4 s0 46 X2 60 Is 50 2g
1662.0 | - 201 24 2146 2 4 261 = 20 171 2 20
+
1687.3 98 2 97 X2 106 29 92 10
1709.0 g1 2 77 %2 94 Xy 86 X8
1755.2 121 22 116 X3 135 ¥ 10 105 ¥ 10
s 1286 1334 1486 1292
n

(This Table, including the comments, is reproduced from the
paper of H. Derrien, Ref. D3)

In the shape
parameters a were

In the shape
parameters a were

0.0011
-0.010
0.027

For the signification of the

Table III.

for 0.084 at/b sample;
for 0.0348 at/b sample;
for 0.0084 at/b sample.

analysis of Geel data the adjusted background
negligible (<1073).

analysis of Columbia the adjusted background
equal to:

parameter a see comments on




Table III. rn Values for Large Resonances Between 2.5 keV
and 2.8 keV

Shape analysis|CARRARO et |Shape analysis] RAHN et al,
Energy on Geel al results on Columbia results
eV transmissions] (Helsinki) transmission
2547.2 716330 706%36 675%27 55055
2558.5 282%12 23410 271327 230%30
2579.9 439%22 394¥20 436%27 340139
2599.0 760%28 790%50 795%42 740%45
2671.3 281314 230%10 265¥24 270%20
2716.5 171%8 17010 155%18 145514
T 2649 2574 2596 2275
n

(This Table, including the comments, is reproduced
from the paper of Derrien, Ref. D3)

COMMENTS ON TABLE III

The Geel shape analysis has been done on the 0.011 at/b sample;
no hackground correction is needed; but the normalization coefficient
is equal to 0.975. The Columbia shape analysis has been done on the
0.084 at/b and 0.035 at/b samples; the background corrections are
respectively equal to 0.007 and 0.013, at 2600 eV neutron energy.

The thearectical formulation of the transmission used in the
shape analysis is the following:

T.=a+c (e'"cb>* R

op is the usual Breit-Wigner one level formulation of the
total cross section, broadened by the Doppler effects, plus one
term taking into account the level-level interference in the
neutron channel; R is the resolution function, a the background
parameter and ¢ the normalization coefficient,



B31 B30 D1

Recently Olsen et al., Liou and Chrien and Finch
have stressed the importance of multilevel effects in obtaining
resonance parameters from transmission data and in describing

k 238U samples. For instance,

neutron transmission through thic
Olsen et al. have shown that a shape analysis of their trans-
mission data converges towards the values of Fn = 1.39 mV,

FY = 25.1 mV for the level at 6,67 eV, when multilevel effects
are ignored. When multilevel effects are taken into account, the

analysis of the same data converges toward the values r = 1.48 mV

and T = 23.0 mV.
Y



3.

EVALUATION OF THE RESONANCE PARAMETERS FOR THE LEVELS WITH
' ENERGIES BETWEEN 1 AND 4000 eV

General Considerations

Since 1955, between 30 and 35 independent determinations

238 B1-B34

of the U resonance parameters have been reported.

Most of the earlier expem’mentsB]'B]O

cover only the Tow
energy resonances, up to 1 keV. Among the more recent ex-
periments six sets of measurcments cxtend to 4 keV and

B11,B17,820,826,831,832 Ihe comparison nf the reso-

above.
nance parameters from the different experiments often shows
discrepancies considerably larger than the estimated un-
certainties and sometimes systematic. 1The reasons for these

discrepancies are often not understood.

The evdludlion of resonance parameters can be donc in
several ways, including the selection of the values from
one single measurement estimated to be the most accurate,
or, at the other éxtreme, averaging the results of all avail-
able measurements, weighting each by the inverse square of
the reported error. The latter approach was tollowed by

Moxon in his 1974 eva]uationC5

and the former approach was

used by McCrossonC] for evaluating neutron widths. We believe
that the best estimate of the value of the resonance parameters
can be obtained by averaging results from a number of independent
measurements. Before averaging we have attempted to correct

individual measurements for suspected systematic errors and

have tried to weight the measurements in a consistent way.



Pitterle et a].C]

have observed the ekistence of .systematic
differences among resonance paramete}s reported by different
measurers and have tried to "correct" the experimental data for
the systematic effects by a regression ana]ysfs technique. We

have used a very smiliar approach here.

Unfortunately there is no uniform method of estiméting and
_reporting the uncertainty in a resonance parameter derived from:
a set of measurements. In the most recent experiments statistical
uncertainties have become relatively unimportant due to the high
intensity of presently available neutron sourceg. Hence the un-
certainties are mostly systematic and often due.to poof]y known
causes: undetected backgrounds, method of analysis, and so on..
Some authors report only statistica{ errors, others combine them
with estimated systematic errors; many aqthors feport_errors as
generated by a resdnance analysis computer code, on the.basjs
of some goodness of fit criterion that haS‘mofe to do with the
model used to‘ana1yzeAthe data than with the éystematic efrors_

in the measurements.

~ Since there are inconsistencies in the methods used by
different authors to estimate and report their errors, it does
not seem justified to weight each determination of a parameter
by the inverse square of the reported érror. We have attempted
to weight the different expefiments consistenfly by giving moré
weight to those experiments for which the paraméters,'corkecfed.
for systeﬁatit effects, agree well with the average'of the

other experiments.
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" Above 200 eV we have considered only data reported since
]967,814—834

except for the data réported in 1964 by Garg et
B11 '

al which cover an extensive energy range (6 to 3900 eV).
" We think that the inclusion of older data in our evaluation
would not have improved the precision because these earlier

results are 1ikely to have large systematic errors which are

-~ difficult to .assess because statistical errors are also large

and because many of the measurements cover only a resitricted

- energy range.

“"Most trahsmission; self-indication, capture or scattering

" measurements yield 'strongly correlated values df'PY and T for
a.given resbnahce;'iﬁ fact,'many measurements yield only a

" relation between those two widfhs.D4 Nevertheless we observed
no significant external correlation between the values of PY

" and Fn reported by different authors. The absence of such
external correlations is'partly due to the fact that each value
is based 6n a number of experiments that have different internal
correlations between the widths, and partly due to the fact that
the .capture widths have relatively .large uncertainties obscuring
any possible correlation. Since no important external corre-

. lations were observed between .the capture and neutron widths,

these two widths were evaluated -independently.

'uDéterhinatjbn‘of the Level Energies

The energy scales of the various measurements were aligned

on the>enefgy scale of the 1504n'time-of-flight measurement of



1A

B31

Olsen et al. This energy scale was selected as a standard

because it is well QOcumented‘and has beenJextensive]y compared
wifh other energy sca]es.Ds In Table IV a comparisoﬁ is shown
of the engrgiés of some. typical resonances as obtained by Olsen -
et al. and by other laboratories. The position of mbst-]eve]s,

as given by Olsen et al. 1s'intermediate bétween those gjven bya

B20 B23

Réhn et al. and by Poortmans et al.

The following procedure is used to align the energy scale

of the kI experiment to that of Olsen et al. The ehergy of

of th-leve1 reported by the kzh-éxperimenfef, Ekj’ is assumed'

to be related to the energy repor%ed by Olsen et a].‘for'that

Tevel, ES by the relation:

* ]

EJ = Ek.’(ak“+ Bk Ek

5 i o
J.) where j = ]""’Nk . (1)

J

Nk is the number off1evé1 energies reported by the kzh-eXperiJ

menter. The structure of equation (1) is justified by ana]ysié
of the sources of uncertainties in'the timeeéfhflight téchhique}ps
The values of oy and g were obtained by minimizing

Ny
* | |1/2 Y
LW (Ej - Eyj (o + By Ekj)]

o (2)

J
where the sum is carried over a number of large levels which
are easily identified. The weights Wy were taken inversely
probortiona] to the square of the uncertainties reported by

th B16 B32

the k= experimenter. Rohr et al. and'Podrtmans et al.

do not report uncertainties associated with the resonance
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" Table IV. Comparison of the Energies of Selected Resonances

(A11 energies in eV)

(b)

Olsen et al.: Corvi et a].(a’b) Rahn et

al. James et al.

145.63 1 .03 145.68 + .10 ~ 145.57 + .15 145.603 + .021
463.14 + .14 463.62 ¥ .4 462.8 * .4 463.12 + .14
619.95 + .19 620.18 ¥ .2 619.75 ¥ .35
708.27 * .22 708.59 ¥ .25 707.9 * .4 708.18 + .45
905.03 + .19 905.47 + .30 904.5 + .3
1419.76 ¥ .29  1420.7 ¥ .3 1419.2  + .3 1419.88 + .46
1473.82 ¥ .31 1474.6 * .3 1473.4 * .4
1638.07 + .34  1639.1 * .3 1637.4 % .5
2030.49 + .43 2031.9 + .3 2029.8 + .6
2145.56 * .45 2146.7 * .3 2144.6 * .6
2489.18 ¥ .43 2490.8 * .4 2488.4 ¥ .7 2489.50 + .71
2672.22 ¥ .56 2674.0 * .8 2671.3 * .9
2865.39 + .60 2867.5 + .8 2864.1 + .9
3205.81 ¥ .67 3208.1 +1.0 3204.9 1.1
3458.14 *+ .73 3461.0 +1.2 3456.3 +1.3

¥ .75 3576.6 ¥1.2 ELYP B B

3571.01

a) Private communication from F. Corvi to G. D. James (1977).
b) Private communication from G. D. James (1977). '
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Pdarameters for Energy Scales Alﬁgnmeht

A1l energy scales are aligned on the scale of Olsen et,al.B

*

E =B oy B §
the values of o and g are tabulated below:

1/2)

by the relation:

Experiment Ref. o 104 X By a, * gk(4000)1/2
and Year L .
(eV™3) ‘

Garg et al. (64) BI1  .999658 :08653 1.000205
Glass et al. (68) B4  .999658 .08653 - +1.000205
Rohr et al. (70) B16  .998714 .18726 .999898
Carraro & Kolar (70) B17  1.000312 20615 .999008
Maletski et al. (72) B19  1.000625 83687 * 995332
Rahn et al. (72) B20  1.000340 .00290 1.000358
Corvi et al. (75) B25  .999428 .07633 .999911
Nakajima et al. (75) B26  1.000340 .00290 1.000358
Liou and Chrien (77) B30 1. 1.
Olsen et al. (77) B31 1. 1. {standard)
Poortmans et al. (77)  B32  .999428 07633 .999911

(The number of levels given in Ref. B30 is not sufficient for

O and Bk.)

determining
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energies. For these two measurements the energy uncertainties
_were‘assumed to be the same as those given by Carraro and Ko]ar.B]7
In Table V the va}ues of o and By for a number of measurements

are listed. Note that all corrections are much smaller than 1%.
The valges'of the level energies were obtained by averaging the

various independent determinations after realignment of the energy

scales.
Neutron Widths

We have obtained <Ihj > , the average value of the neutron

width of the i Tevel, as:

T*,
> _njk
(T .S =k. 6% .
2 7 '
kK Sik
where:
* a +b ' )
Trgk = Tngk (3% * Pk Ej) (4
* b N . o
an.d,whéi‘é Pnjk b L‘Sjk is the k':'—h- experimenter's determination of

the neutron width of the jEn-level, with its reported standard

deviatibn, and Ejk is the energy of the level, after alignment

of the energy scale.
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The. parameters ék and bkyare intended to correct the results

of the kzn-experiment for possible systematic effects and weref.

obtained’byAminimizing with respect to ay and bk the quantity

Ny ,
| 2
S = 321 [<Tnj> - Tnjk (3¢ * By Eji) ] (6)
2
LT

The parameters Ck are intended to give consistent weights

to the various experiments and were obtained from the relation:

"k r -T a, +b E 2
0 vy K> Tk Bt B BT (7)
N -1 = 2 &2 -

I k ik - -

The eums in (6) and (7) were carried over the s-wave levels.
‘The equations (3) to (7) are coupled and were solved by succes-
sive iterations. The values of N, a,, b ,-and C  for the
.e1even measurements considered are listed in Table VI. For the

B14 B25

experiments of Glass et al. » Corvi et al. , and Liou and E

B30 the values of 3, b, and C, could not be determinedQ

Chrien
by the method just discussed, because these experiments did not
report values of Fn,for a sufficient number of large levels.
The values of 2 bk’ and Ck for these.measurements were

assigned somewhat arbitrarily and are shown in Table VI.

The“systematic trends in the values of Fn reported by

different experimenters are illustrated in Fig. 1. The left
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Fig. 1. Systematic trends in the measured values of Fn. The left part of the figure shows the

BY1 and by Olsen et al. B31 acainst corresponding values obtain-

values of Fn reported ky Garg et al.

ed by averaging =2leven meesurements. The values of Garg et al. tend to be lower than average whereas
- those of Olsen et al. tend to be higher than average, with the difference increasing with increasing

Ty In the right part of the figure, the corresponding values of ?:, i.e., Fn corrected for system-
atic trends are plotted aga-nst the average value of Pn.

9l
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part of the figure shows the values of Pn~reported by Garg

B11 B3] against corresponding values

et al. and by Olsen et al.
obtained by averaging eleven measurements as just discussed.
The values of Garg et al. tend to be lower than average whereas
those of Olsen et al. tend to be higher than average, with the
difference increasing with increasing Pn. In the right part
of the figure, the corresponding values of F:, i.e., Fn cor-
rected for systematic trends, are plotted against the average

values of Fn.

In the averages defined By equation (3) each experiment
is given a weight inversely proportional to Ckz. The method
used to determine Ck’ equation (7) corresponds to a require-
ment that X2 per degree of freedom be approximately equal to
unity for the levels selected for thé adjustment, after cor-
rection for systematic trends. As may be seen in Table VI

B11

the older experiment of Garg et al. is downweighted by a

factor of 21, the experiment of Nakajima et a].st is up-
weighted by a factor of 1.34, presumably because those authors

overestimated their errors,

Capture Widths

In most experiments the capture widths have been determined
only for selected levels at low energies. Above 1 keV, re-
solution and Doppler broadening prevent the reliable determination
of resonance widths by shape analysis, and capture widths have

been obtained only for a few levels with relatively large neutron
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Table VI. Parameters for Correct%on of Systematic Trends in Fn

" Corrected values ank = rnjk (ak + bkEjk) " (see equation'4) )
5§k = dejk (see eqUatioﬁ 5)
Experiment Ref. a }:3?&) C 3 +hy *4000(])
Garg et al. (64) B11 .99755 .08252 4.64 1.32768
Glass et al. (68) B14 1. 0. . 2. »
Rohr e; al. (70) B16 .98039 .08432 .87
Carraro & Kolar (70) B17 .97853 .00255 .75, . .98873
Maletski et al. (72) B19 1.0074 17217 1.3].
Rahn et -al. (72) : B20 1.0085 .05600 1.26 1.2325
Corvi et al. (75) B25 1. 0. 2.
Nakajima et al. (75) "B26 .97176 0317 .86 1.0986 .
Lion & Chrien (77) B30 1. 0. 1.
Olsen et al. (77) B31 1.0195 -.02192 1.47 .9318 -
Poortmans ct al. (77) B32 .99313  -.00689  1.0A L9656

(The coefficients for Ref. B14, B25, and B30 could not be obtained from the
reduced number of parameters given and were assigned arbitrarily, see text.)

(1) Given only for the experiments reporting data up to 4 keV.
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widths; and for these, the uncertainties are large (10% or more).
For this reason the statistical tests which were performed on
the neutron widths could not be. applied to the capture widths.

The capture widths were obtained from the values reported
B16 B19 '

by Rohr, Weigmann, and Winter, Maletski et al., Rahn et
a].,BZO Liou and Chrien,B3O Poortmans et a].,B32 and Olsen et
B31

al. For those levels for which more than one determination
of the width existed, the evaluated value was obtained by
averaging, weighting by the inverse square of the reported
error. For the many levels for which no value was reported,

a value of 23.5 mV was assumed. This is the value that had
been qs§umed by the ENDF/B-III and ENDF/B—IV eva]uators;C] it
is consistent with the average value 23.55 mV recently evalu-
ated by Rahn and Havens®’ and with the value 23.43 mV + .11 mv

(stat) + .70 mV (syst) obtained by Poortmans et a1.832

Fission Widths

For the levels at 6.67 eV, 20.9 eV and 36.7 eV, the con-
sistent subthreshold widths obtained by Slovacek et a].BZQ
and byADifilippo et'a1;B33 were averaged. For fhe‘other 1eve1§
the widths obtafned by Difilippo et a].B33 were used. The
measﬁreménts of Difilippo et a1; have appreciably better energy

resolution than previous experiments, which permits a resolution
of all the "clusters" below 4 keV into their Class 1 Tevel com-
ponents. The two main subthreshold clusters below 4 keV are

illustrated in Figs. 2, 3, and 4.
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Fig. 2. High resolution 238U capture and fission cross sections in
the neighborhood of the subthreshold fission cluster near 720 eV. The
Tower part of the figure shows the fission cross section, the upper part,
the effective capture cross section (multiplied by E%) on the same ener-
gy scale. The levels at 720.9 eV, 729.4 eV, and 764.8 eV are taken to
be s-wave levels because they are part of the same subthreshold fission
cluster as the known s-wave level at 707.9 eV.
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Angular Momentum Assignment

Those ]eve]s.which have large neutron widths (a few mv)
can be identified as s- or p-wave levels from the depth'bf the
interference minimum between the resonance and potential scat-
tering. For many levels with smaller neutron width suéh an
identification is not possible. Corvi, Rohr, and weigmann825
were able to identify 57 1e§els below 1600 eV as p-waves by
measuring the fraction of capture gamma rays above 4.3 MeV.

It is reasonable to assume fhat all levels which be]oné to

a subthreshold fission cluster have the same parity and angular
momentum; since in the two clusters below 4 keV at least one
level can be identified as an s-wave, all the levels with an

observable subthreshold fission component were_taken to be

S-waves.

For many small levels no unambiguous angular momentum
assignment could be given. The angular momentum of those levels
was then evaluated according to the following criteria: (1) Al
observed levels below 4 keV were assumed to be either s-wave or
p-wave levels. This is reasonable, since the height of the
penetration barriers below 4 keV make the neutron widths ex-
cited by neutrons of higher angular momenta exceedingly small. |
(2) The Bayes's conditional prubability that a resonance -be
excited by p-wave neutrons, P(p,an), was computed for all the
B15

levels, following the method described by Bollinger and Thomas.

A1l the Tevels with P(p,grn) <.5 were assumed to be excited by



24

s-wave neutrons. (3) In order to satisfy the A3 statisticD8

for the s-wave levels in the interval 0-4 keV, a few levels with
P(p,an) >.5 had to be taken as s-wave levels. Those levels
were chosen to minimize the product of their probabilities to be
excited by p-wave neutrons. The energy, neutron width and value
of P(p,an) of the s-wave levels with.P(p,an) >.5 are given in
Table VII. It should be clear that the division of levels with
small neutron widths into s- and p-wave levels is not unique and

is based on rather weak probability criteria.

Parameters of the Low Energy Resonances

The neutron and capture widths of the first six large s-wave
levels and of the p-wave level at 10.24 eV have been evaluated in
more detail. These parameters are particularly important for the

calculation of thermal reactor performance.A7’Dg

A comparison
of the reported parameters of thesc seven levels illustrates the
difficulties in evaluating best values. Measurements of these
parameters have been reported for more than 20 years. Most of

the experimental values as well as a tew evaluatiuns dare given

in Tables VIII and IX.

There are very large discrepancies between. some of'the values
reported for the capture widths. For the important level at 6.67 eV
there are at least five standard deviations between the value of

B8 B30

Jackson and Lynn, = 27.2 + 0.4 mV, and Lhat of Liou and Chrien,

21.8 + 1.0 mV. Similar discrepancies exist for the other levels.
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Table VII. s-Wave Levels with Small Neutron Widths
Energy Neutron Width
(eVv) (mv) - P(p,gr,. ) Comment
2787.4 13.29 .62
1565.4 5.50 .69
3492.6 14.34. 72
1298.6 3.59 77
3169.8 10.89 .78
2806.4 9.28 .78
- 721.59 1.64 .78 Subthreshold Fission
3831.6 11.66 .82
3219.7 9.19 .82
1550.6 3.40 .85
1953.8 3.94 .87
730.15 1.13 .89 Subthreshold Fission
1913.3 1.71 .93
1867.6 .88 .95

P(p,grn) is the Bayes's conditional probability that the resonance

js excited by p-wave neutrons (see text and reference B15). The levels
listed above have all P(p,grn)>.5; they were nevertheless taken as
s-wave levels either because they were observed in subthreshold

fission groups, or to satisfy the A3 statistics for level spacings.



Table VIII. Comparison of Measured and Evaluated-Meutron Widtks
" (Widths are given in mV)

Year Ref. EjteV) ¢ 67 = 0.9 36.7 66.0 80.7 102.5 10.2
Harvey et al. 55 B1 . 8.5t.4 32.5+1.9  25+2
Levin 56 B2 1.54+.10  8.3+.7 30+4 -
Lynn 56 B3 1.4+.3 8.7+.3 28.6+1.5 '22.6+1.5  1.8+.6 37.5+3
Fluharty 56 B4 10.3+.2 32.6+9 25.4+7 2.34+.8) 59420
Bollinger 57 B5  1.45+.12  9.9+.4 34+2.3 23.5+1.5  2.1+.2 74+5 .0014
Radkevich 57 B6 1.15+.06  6.35+.59  22+3.5 19.1+44.5  2.7+1.1
Jackson 62 38 1.52+.01 '
Moxon 62 39 , 34.5+3 23.541.5  1.8+.3 69+3
Firk 63 B0 31+.9 25.141.2 65.9+2
Garg 64 B11  1.52+.01  8.7+.3 31+.9 25+1 2.06+.17  65.9%2 o
Ashgar 66 BI13 15781  9.34+.5 30.95+41.17 22.74+.77 1.85+.15  £8.64+2 .0014 e
Rohr 68 B16 24.8+1.5 72.6+.5
Carraro 71 B17 25.341 241.5 €9.5¢7
Maletski 72 B19 . 24.041.5  2.2+.2 7043
Rahn 72 B20  1.52+.05  8.5+.78 38+2 26+2 1.71+.18 7044 .00177+.0004
Nakajima 75  E26 10.141.0  33.441.7  25.541.3  2.25+.16  71.3+4.%
Liou 77 330 1.50+.03  9.86+.50  33.3+1.2  25.6+1.8  2.16+.1& 6845 .00165+.00015
Olsen 77 331 1.480+.03z 10.16+.21 33.76+.70 24.37+.53  1.823+.C46 70.9:1.6  .00169+.00005
Poortmans 77 332 10.2+.1 34.1+.5 23.9+.8 1.81+.08  7D+2 .00167+.00004
BNL-325 65 2 1.52+.02  8.5+.5 31+.9 25+1.2 2+.2 63+3 .0014
73 02 1.52%.02  8.7%.5 32%1 26%1.5 2+.2 703 .00156+.00001

Moxon 74 5 1.51+.009 8.97+.175 31.6+.5  24+.4 1.96+.07  7).8+.4°  .00156+.00001
ENDF/B-1V 75 C 1.50 8.8 31.1 25.3 2 Tl . .00156

This Evaluation* 77 1.510+.015 10.12+.10  33.9+.4 24.6+.4 1.91+.04  71.6+.4 .00167+.00004

*Error given here is stitistical (unzorrelated) standard deviation also given in Table XXIT and X)III.



Table IX. Comparison of Measured and Evaluated Capture Widths
(Widths are given in mV)

Year Ref. Ej(eV) ¢ g7 20.9 36.7 66.0 - 80:7 102.5 : 10.2

Harvey et al. 55 Bl 2545 29+8 17+10
Levin 56 B2-  24+2 30+6 40+20
Lynn 5 B3 26.1+41.5  28.8+2.3  24.9+4.2  18.642.7 15.5+5.4
Fluharty 56 B4 ’ 25.9+12 27.7+24 39.1426 24426
Bollinger 57 85 26+3 21.942.3  29+10 25.6+9
Radkevich 57 86 21.15+1.30 36+3.5 34+10 25.5+12 21415
Rosen 60 B7 _ : 2146
Jackson 62 B8 27.2+.4 - )
Moxon 62 B9 ' 21.243.5  24.1%2 24.1+2
Firk 62 B10 31.3+2.2  25.141.6 - 30.6+3.3
Michaudon 65 B12 = 23+ 2341 23+1
Ashgar 66 BI3  23.43+10.12 33.83+4 26.33+3 26.07+2 = 21.17410  25.95+2
Glass 68 B4 20.9+6 17.35+4 24.9+5
Rohr 68 BI6 T19.643 C o 26.142.3
Maletski 72 B19 25+2 - 26+2
Rahn 72 B20 22+3 23+2 2142 28+3
Liou 77 B30 21.8+] 23.5+41.5 23,642 22.242 23.742.5  24.3#2.5 .
Olsen 77 B3l 23+.8 22.8+.8 22.9+.8 23.2+.8 24.3+1.3 . 24.1+.9 22,242
Poortmans 77 B32 - 23.2+.6 - 22.9+.3 ©  24.0+.4 24.3+.4
BNL-325 65 C2- 2642 26+4 26+4 24+2 21415 24+3

: 73 C2 26%2 25%3 .- 25%2 22%2 - , 26+2
Moxon 74 C5  26.9+.37  25.74] 26.55+1.2  23.56+.76 21.17+8.9 25.78+.94
ENDF/B-IV 75 C 25.6 26.8 ©  26.0 - 23.5 23.5 25.0 23.5

‘This Evaluation* 77 22.5+.6  23.1+.5  22.9+.3  23.7+.3  24.241.2  24.4+.3  23.5

Le

_ *Error given here is statistical {uncorrelated) standard deviation also given in Table XXII.
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For these seven levels, there is no significant systematic
trend associated with a particular experiment. The radiation
widths of Lynn and PattendenB3 are higher than average for the
levels at 6.67 eV and 20.9 eV but the reverse is true for the
levels at 66.0 and 102.5 eV. Inversely, the radiation widths

B20

of Rahn et al. are lower than average at 66.0 eV but higher

at 102.5 eV.

The measurements reported since 1970 give consistent re-
.sults but, for the first three s-ane 1eve1§, the values from
these recent measurements are significantly different from the
averages of the earlier measurements. The capture widths ob-
tained in all of the recent measurements are at least 10% lower
than that of all the older evaluations. For the levels at 20.9 eV
and 36.7 eV the neutron widths obtained in the four most recent
measurcments B20, B30-32 gre very consistent but are approximately
10% higher than the corresponding widths reported in earlier

expem’ments.C2

There arc valid reasons to ignore, or at least down weight,
.the older measurements. Modern time-of-flight techniques provide
much better energy resolutions and higher neutron intensities
than were available a decade ago. Recent measurements were also

done with a wide range of thicknesses and often with highly de-

235

pleted uranium thus reducing corrections for U contaminant.

In Figs. 5 and 6 we compare the transmission data of Firk, Lynn,

B10

and Moxon with those of Olsen et a].B3] in the vicinity of
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Fig. 5. Typical resonance transmission curves in the region of
neutron energy 340 eV to 360 eV. This figure was published by Firk,
Lynn, and Moxon in 1962. A comparison with Fig. 6 illustrates the
1mprovement in statistical accuracy and in energy reso]ut1on obtained
in the past 15 years.
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energy 335 eV to 355 eV. This figure was recently published by Olsen
et al. The solid lines represent a simultaneous least-square fit to
the transmissions through seven sample thicknesses.
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350 eV. :The improvements in resolution, statistical accuracy

and number of samples used are evident.

Many of the early values of the resonance parameters were
obtained using scattering and capture measurements where multi-
ple scattering corrections were ignored or roughly approximated,
whereas'the most recent values were derived primarily from precise
transmission measurements which do not require mu]tip]é scattering

corrections.

In Section 2 we have referred to the recent.reexamination

of the work of Lynn and Jackson.

Resonance Formalism and Scattering RadiUs

We héve fo]]owed.the struétureD]O'

238,,.C1-

of the ENDF/BfIV evaluation

of . =7U below 1 eV the cross sections are defihed entirely

by their File 3 cdntribution; above 1 eV_theAsmooth cross section
‘contributions of File 3 are added to a resonance ‘contribution
from File 2.. The evaluation of the File 3 smooth cross sections

will be discussed in the next section.

The resonance contributions should be computed by the Breit-

B31 B30

Wigner multilevel formula. Olsen et al., Liou and Chrien,

and FinchD] have recently stressed the impoktahce oftusing”a

multilevel formula to obtain an accurate representation of . the

238 D11

transmission through thick samples of U. DeSaussure et al.

238

have shown that for U the Breit-Wigner multilevel formula

approximates very accurately the more exact multilevel formulae.



. -In order to improve the representation of the cross sections’

just above 1 eV and just below 4000 eV, two "outside" s-wave

levels are included in File 2, in addition to the levels with

energies between 1 and 4000 eV. The parameters for the level

| at 4040 eV were evaluated by the same methods as-used for the

levels between 1 and 4000 eV. The parameters of the bound level

were adjusted tu yield the measured cross sections at thermal

energies, as will be discussed in the next section.

The value of the effective scattering radius was evaluated

as .944 x 10712

.9184 x 10712

cm evaluated by T. A. Pitterle for ENDF/B-II,

cm., This value is somewhat higher than the value

Cl

but it is more consistent with the recent measurements of Rahn

et a1.820

reported for the effective scattering radius of

Téb1e X. Measured and Evaluated Values of the

and Olsen et a].B3

In Table X are listed a few values

238,, B5,B20,B31,D12-15

U

238U Effective-

Scattering Radius @

Author*

Year Ain 10712 cm

Hughes and Pilcher 1956 .93
Bollinger et al. 1957 .91

Hughes and Zimmerman 1959 .922 + .020
Lynn 1963 .918 + .013
Utley 1964 .9184
Divadeenam 1968 911

Rahn et al. - 1972 .96 + .03
-Olsen et al. 1976 .944 + .005
ENDF/B 11, III, IV 1970 .9184
BNL-325 1973 .94 + .03
This Evaluation 1977 .944 + 025

*References are given in the text.
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4. EVALUATION OF THE SMOOTH BACKGROUNDS (File 3)

D10

As previously stated, we have followed the structure ‘of the

238 .C] Below 1 eV the cross sections are

ENDF/B-IV evaluation of U
defined entirely by their File 3 contribution. Above 1 eV the smooth
cross section contributions of File 3 are added to a resonance con-

tribution from File 2.

In addition to the contribution of the levels of File 2 below
A] eV, File 3 represents the contribution of those levels which are
not included in File 2, either because their resonance energy is
outside the range 1 to 4000 eV (only two "outside levels" were in-
cluded in File 2), or because those levels were not detected experi-

mentally because they are very small or "overlapped" by large levels.

The contributions of the levels in the range from 4000 to 4500 eV
were obtained by eva]uatihg the resonance parameters of the main levels
in this range, using the same methods that were used for the evaluation
of the parameters in the range 1 to 4000 eV. The parameters of the
main levels with energies in the range 4 to 4.5 keV are given in Table
XI. The first of these levels was included in File 2. The contribu-
tions of the other levels given in Table XI to the cross sections
below 4 keV were computed with the single level Breit-Wigner formula

and included in File 3.

The contributions of the bound levels and of the levels above
4.5 keV were computed by assuming a bound level at -20 eV and a
"picket fence" of uniform equidistant levels extending from -« to

-20 eV and from 4.5 keV to +=, The cross sections due to such a
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Table XI. Principal s-Wave Levels with Energies between 4 and 4.5 keV

E,- (keV) ' r, (mv)
4.041 64.1
4.064 19.6
4.090 95.3
4.125 41.5
4.132. o 16.8
4.169 | 192.3
4.179 32.2
4.210 40.4
4.258 32.7
4.300 143.9

4,307 - 115.8
4.325 87.4
4.371 158.3
4.376 139.6
4.398 . . 176.4
4.436 103.0
4.512 ' 608.1

A1l of the above levels are assumed to have a capture width of 23.5 mV.
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picket fence of levels can be approximated analytically, as shown by

' deSaussure et a1.p]1

The parameters of the assumed level at -20 eV
and the "strengths" of the uniform picket fence were adjusted to

yield the measured total and capture cross sections at .0253 eV.

The resonance parameters'of the level assumed at -20 eV’and the
parameters used in computing the contribytionﬂof»the picket fence of
uniform levels are given in Table XII. The reduced neutron width of
the level at -20 eV was chosen ten tfmes smaller than the average
s-wave réduced neutron width in the résQJved region. ~Even so the
contribution of the picket fence to the Eapture and scattering cross
sections had to be reduced by the factors FGC and FGN defined in
Table XII, to yield the heasured values of the cross sections at

D16-17 B31

.0253 eV. Leonard and Olsen et al.”™ have already noted

that the local strength-function of the bound levels near the bind-
ing energy is appreciably Tower than the average s-wave strength

function over the resonance region.

The various contributions to the cbmputed capture and total
cross sections at .0253 eV are listed in Tables XIII and XIV, where

these computed cross sections are also compred to "measured" values

C2

obtained from the 1973 edition of BNL-325. These "measured" values

were really evaluated from the existing direct measurements. The

measurements of the thermal capture cross section are summarized in
Table XV, taken from the article of Hunt, Robertson, and Ryves.m8

The total cross section in the thermal group corresponds to a coherent

-12

scattering amplitude of (0.84 + 0,01) 10 "“cm, a value in agreement with
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Table XII. Contributions to the Smooth Scattering and Capture Cross Sections

Picket fences of uniform levels extending from -= to E~ = -20 eV and from
E' = 4512 eV to 4+, with level spacing D = 24.8 eV, reduced neutron width
Fﬁ = 2.88 mV and capture width FY = 23.5 mV. The contributions to the

scattering and capture cross sections are approximated as (see Ref. D11):

w 0._ N m cs
o7 - FON . €3 . [r r -4k f, ] ™ = FGC . rf

n Y E% 1
+ - 4 -
_E -E +0D _ E-E + .582D
f]— — — f2-2n —
(E -E+%D) (E-E™+%D) E'-E + .582D

where FGN = .557 and. FGC = .827 are adjustment factors discussed in the

text, k, = 2.1875.10% cm™! in the neutron wave number at 1 eV, 2 = .944 X 10712 cm
is the effective scattering radius, and ﬂfg
Ccs = — = 77.3 barn.
k2D
Levéls with energies between 4040 and_4512 eV, parameters given in Table XI,
Below 1 eV, levels of File 2, including an assumed bound level E0 = - 20 eV,
Fg = ,287 mV, FY = 23.5 mV; and an outside level at Eh = 4040 eV, first level

given in Table XI.

Unresolved p-wave above 1 keV: 1000, <E<1340 eV oir (E-1000)- .3994 mb

a

£>1310 o 6" = 2.71 £ il
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Table XIII. Computed and Measured Cross Sections at .0253 eV

o(n,y) o(n,n)
b, b.
1. Picket Fences Contribution .295 1.747
2. Resolved Levels of File 2 (includes
potential scattering) 2.405 7.198
3. Levels with Energies Between 4040
and 4512 eV 0 -.038
Total 2.700 8.901 11
Evaluated from direct measurements

(from Ref. C2 and Table XIV) 2.70+.02  8.90+.16 1

.036

.603

.038
.601

.60+.16

Table XIV. Computed and Measured Scattering Length at .0253 eV

Computed Scattering Cross Section (see Table XIII) 8.901 b.
1/2
. . . g -
Corresponding Scattering length: aon " [75;-J .842 x 10 12 cm
Direct Measurements: (in 10']2 cm)
Atoji (1961) .851+,022
Roof et al. (1962) .84+.02

Willis (1963) .850+.006
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Table xv.. Measurements of the 238U Thermal Capture Cross Section
o(n,Y)
Reference (barn) Methods and Comments
Harris, Rose, and 2.7119.05 ReaCt1v1ty medsurements %n CP3 uéing a
Schroeder (1954) sample of very low 238U content. " Cd
ratio measurements by activation to
correct -for resonance absorption.
Revised using oA{B) = 757.7 b at
2200 m/sec for the standard.
Egelstaff (1954) 2.8+0.10 Transmission measurements with a
slow neutron chopper. Sample of
very low 235y content was. used.
Crocker (1955) 2.72+0.10 Activation in a thermal spectrum with
a¢ [Au] = 98.8 b. Carrected for
Ission activity by Ryves (1959).
Small (1955) 2.72+0.06 Local oscillator in well moderated
spectrum. Measurements with natural
and depleted uranium.
Revised assuming op(M,S04) = 13.73 b.
Cocking and 2.69+0.04 Transmission measurements using cold
Egelstaff (1955) neutrons from a Bi fijlter extrapolated
to 2200 m/sec. Sample was of a very
Tow 235y content.
Egelstaff and Hall 2.69+0.04 Transmission measurements at long
(1955) wavelengths with slow neutron chopper.
Sample was of very low 235U content.
Paleysky (1955) 2.73+0.07 Transmission measureirents at long
wavelengths with.slow neutron chopper
Sample was of natural uranium.
Bingham, Durham, and 2.72140.016 Relative to thermal fission cross
Ungrin (1968) section of 235y,
Hunt et al. (1969) 2.69+0.03

Agggvation in a thermal spectrum <0.005%
u.
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D19

the results of three neutron diffraction measurements. The potential

scattering cross section corresponds to an effective scattering radius

-12

of .944 x 10 cm as evaluated in the previous section.

The contribution to the cross sections of s-wave levels with
energies between 1 and 4000 eV, which have not been observed experi-
mentally, was estimated to be negligible. The contribution of missed
p-wave 1eve1§ to the capture cross section was estimated as'follows:
Figure 7 is a plot of the cumulative sums of the p-wave reduced
neutron widths versus energy. The slope of the curve should be pro-
portional to the p-wave strength-function, which sould be roughly
constant. Above 1.5 keV the‘s1ope décreases, probably because a
number of p-wave levels are missed due to the poorer energy resolution
of the measurements, causing an increased overlap of p-wave and s-wave
levels and also because the measurements of Corvi, Rohr and Weigmannst
from which many of the evaluated p-wave levels wefe obtained, ends at
1550 eV. The strength of the missed p-wave levels was estimated by
extrapolating the slope of the curve of Fig. 7 from the region below
1.3 keV to the region between 1.3 and 4 keV. The ca]cﬁ]ation of the
contribution of these missed p-wave levels to the capture cross section

is outlined in Table XVI. This contribution was included as a smooth

capture cross section in File 3.

From 1 to 4000 eV the subthreshold fission cross section was
evaluated to be the fission cross section computed from the parameters
listed in File 2, so that the fission component of File 3 was set

identically zero above 1 eV. Below 1 eV the fission cross section
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Fig. 7. Cumulative sum of the p-wave reduced widths vs neutron
energy. The slope decreases near 1500 eV, probably because many small
levels are missed, due to the increasingly poor resolution of the time-
of-flight measurements.
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Table XVI. Missed p-Wave Capture Above 1 keV

The average p-wave capture cross section is given by:.

: ~ rr, - 2 - r

(o (2=1)D ='—22]_ (h.l) g1 272f <g 'n)1£=1
o : k= D . T ' k - C

r

(since for p-wave ‘n<« FY and hence I' I1y)

Using the definition of the p-wave strength function:

L <> (kr)? <> g1 172
! kR T 3p!

we obtain:
Lomy(1=1>% 672R°sT €172, since (kR)Z << 1

-12

(where R = .84 X 10 cm is the nuclear radius)

1 4

From Fig. 7 we see that below 1 keV S' = 1.93 X 10° ', above
1.34 keV S]EE 1.04 10'4, so that the missed p-wave capture

above 1.34 keV is:

2.2 )

6nR% X .89 x 1074 €172 = 3.71 £V/2 p

(where E is in eV)
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was evaluated to be proportional to E'%. The fission cross section at
.0253 eV was evaluated as 1.5 times the contribution of the levels with
energies between 1 and 4000 eV. The contribution of the bound levels
was somewhat arbitrarily evaluated to be only 50% of that of the posi-
tive levels, since much of the contribution of the positive levels
comes from thé first few s-wave levels, and there afe strong indica-
tions, as discussed above, that the local strength function of the
bound levels near the binding energy is smaller than the strength
function averaged over the resolved range. The contributions of

the positive energy levels to the fission cross section at .0253 eV
are given in Table XVII, where the result of this evaluation is also

compared with other eva]uatjons.B]B’Bzgq
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U Thermal Fission Cross Section

Table XVII. The 238

1. Contributions of levels with-energies between 1 and 4000 eV

Eo(eV) (V) re(107%v) 50" (1)

6,672 1510 10,33 . 0,5599

20,86 10,12 59,495 ’ 1.260

36,67 33.91 8.877 0.,1526

66,01 24,61 81,48 N0,1477 .

80,73 1,907 66,15 0,8892E=02

- 102.5 71,64 12,29 0,3405E=01

189,6 167.0 47.72 : 0.6645E=01

208,5%5 49,60 /8,09 ‘D,2873E=01

237.3 26,48 - 60,03 0,7560F=02

3a47,8 81,73 2676 0.,8002E=0])

376,9 1e148 205.4 0+3529€E=03 -

463,1 5,494 1674, 0.s7283E=0?

aT78,4 4,188 24049 0,8319€E«03

518,3 49,60 : 2926 0+49798E=Q2

535.3 44,28 © 367,0 0.1012Ew01

59%,.0 Ab,a1 1099, 0,4839E=01 .

619,9 30,76 216,7 0s28489Ew02

70843 21,79 ° Vs2564E 05 0.,1727

72146 ‘14720 0.1096E 07  0.5563

730.1 0,934t 0,9261E 08 0,2079€=01

765,1 7.767 89458, 0.1177€=01

8%1,0 62,91 1215, 0.1493E=01

856,11 - 86417 1107y - 0¢1836E=01

11480, 233, 1595, 0e3497E=O1

1168, 87.71% NDel1171E .05 0¢9093€=n1

1211 9,193 0¢2734E 06 00,2033

1257, 2917 4282, 069023E=02
Total contribution of levels with energies between 1 and 4000 eV 3.52 ub
Estimated contribution of bound levels and levels. above 4000 eV 1.76 ub
Total thermal fission cross section . . ' 5.28 ub
Silbert and Bergen A , , A 3 +5ub
Slovacek et al.* o : ' 2.7 + .3 ub

*Contribution from positive energy levels only. ..

(a) 6o, = 4127550, ——“-—577- in barns



44

5. FINE ADJUSTMENTS TO THE PARAMETERS AND SMOOTH BACKGROUNDS

In Sections 3 and 4 we have described the evaluation of the
resonance parameters and of the background files. Some fine adjust-
ments to these evaluations were then -performed on the basis of a
direct comparison of calculated and measured transmission through
d Lhick sample uf 238U and of high resolution capture data. The
thick samp]é fransmission expefiments were done,by Olsen et a].B3]
with a sample of .175 at/b, both on flight paths of 40 m and.TSO m.
D20

The capture data were taken'by deSaussure et al. on a 40-m'f]1§ht

path.

The fine adjustments cénsisted mostly in small changes in the
scattering cros;_section baékground (File 3) near the boundaries”
of the resolved range, and in the removal or addition of very éma]]
levels. A few levels which had been reported by only onc sct of
experimenters and which could not be observed--neither in the thick
sample transmission measuremeﬁt nor in the capture data--were re-
moved from the file. A few levels Whiﬁh had not begn reported pre-
viously but which could be observed clearly both in the transmission
and capture data were added to the file. The neutron widths of these

levels were estimated from the transmission dips and capture peaks.
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6. CAPTURE CROSS SECTIONS

The infinitely di]ute capgﬁré cross section was inteérated over
100-eV-wide intervals below T-keV- and over 1-keV-wide intervals above
1 keV. The contributions of the s-wave levels, p-wave levels, and
"missed" p-wave levels are Tisted separately in Table XVITI whére |
they are compared with direct measurements of the infinitely dilute

D20-22

capture. The computed values given in Table XVIII were obtained

analytically using the relation:

f dE 2 772 PYj rnj
o . =9g s , - . (8
v <5 o T @
0
.th

for the contribution of the j— level to the capturé Ccross section,

1 is the reduced wave number at 1 eV; the

where k_ = 2.1875 x 10° cn”
other symbols have their usual meaning. In the calculation, the entire
contribution defined by equation (8) was assigned to the interval con-

taining the resonance energy E this assumés that the effects of

0j’
resonance tails across energy intervals cancel. The contribution”
of the missed p-waves were obtained analytically as indicated in
Table XVI. This is the only appreciable contribution due to File 3.

Above 1 keV the capture cross section computed from this evalu-

ation is consistent with that directly measured by MoXon,UZZ is

D20 and 13%

about 8% lower than that measured by deSaussure et al.,
higher than that obtained by Ffiesenhahn et al;DZ] Below 900 eV
the computed cross section is generally lower than the direct meas-

urements of Moxon and of deSaussure et al., The discrepancies between



Table XVIIL. COmpufed'and Measured Average Capture Cross Saction*

Energy Interval | Contribut-ons of:: - .| Total- ff . _ Difect¥y‘Measured‘Avefage Capture
: (eV) ) resoived.. unresolved | -Computed | =~ - . ' _ ' C o
. s-wave  p-wave = - p-wave -Average | Moxon . Friesznhahn et al. deSaussure et al.
' o Carture - '} IR :
0 - 100 4¢.5 07 -] 8€.6 _ o . ,
100 - 200 RN 05 - 12| S o . 18.72+.44
200 - 390 249 7 o 667 | ' 9.77+.30
300 - 400 7.88. .08 : - 2.9 3.40+.17
400 - 500 . .06 .19 2.65 3.12+.15
500 - 600 . .83 . .13 14,96 4.97+.13 5.39+.17
600 - 700 3.43 7 .18 13.61 $3.75+.11 4.02+.14
700 - 800 1.3 .39 1.75 2.105+.08 2.10+.12
800 - 900 2.83 - .13 2.96 3.37+.10 3.29+.12
900 - 1000 210 7 R 4.24 3.64+.11 -4.54+.14
1000 - 2000 1.62 .20 - .10 1.93 ©1.97+.08 1.70+.20 2.12+.09
2000 - 3000 | 1.07 .22 19 L1.47 1.48+.07 1.33+.13 1.56+.08
3000 - 4000 .865 .195 w219 L 128 1.23+.06 1.06+.08 1.31+.07

9

*A11 values given in barns
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measured and computed capture cross sections, particularly below
1 keV, exceed the quoted uncertainties on the measurements and the
estimated uncertainties in the calculation and are not understood.
In Figs. 8 to 11, the capture probability measured by deSaussure

]‘DZO

et a is compared with a Monte-Carlo calculation based on this

evaluation.
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Fig. 8. Comparison of the measured and computed capture
238U sample of .0028 atoms/barn and for
incident neutron energies up to 1.0 keV. The ordinate is the
probability of capture multiplied by the square root of the
energy and divided by the sample thickness in atoms/barn. The
calculation was done with the Monte Carlo code MULTSCA using

probabilities for a

the resonancc paramecters of this evaluation. Note that the

1 ; :
ordinate is linear from -10 to +10 barn x eV*? and logarithmic
above 10 barn x eV%.



49

ORNL-DWG 77-16920

EXPERIMENTAL DATA

238,. .4/
U: oy VE — CALCULATED BY MONTE CARLO METHOD

25-mil SAMPLE (0.0028 atoms/barn)
1000 : T T =T

I

T T

| i i B

Qe ite ) Bfq’y)

o
o
ek pER R R A L IR § ¢

foa

[2es
AT | 1L

<}
]

|
|
|

o
o

)
ayts*VE (barn-eV ')

| L AL L
e T (T

5]

70 i (L AL 6
oo L] [ ) W ARV

;E;QE $§:;?

5 1€ e g 1.8 19 20
INCIDENT NEUTRON ENERGY (keV)

Fig. 9. Comparison of the measured and computed capture
probabilities for a 238U sample of .0028 atoms/barn and for
incident neutron energies from 1 to 2 keV. The ardinate is
the probability of capture multiplied by the square root of
the energy and divided by the sample thickness in atoms/barn.
The calculation was done with the Monte Carlo code MULTSCA
using the resonance parameters of this evaluation. Note
that the ordinate is linear from -10 to +10 barn x eV and
logarithmic above 10 barn x eV
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Fiy. 10. Comparison of the measured and computed capture
probabilities for a 238U sample of .0028 atoms/barn and for
incident neutron energies from 2 to 3 keV, The ordinate is
the probability of capture multiplied by the square root of
the energy and divided by the sample thickness in atoms/barn.
The calculation was done with the Monte Carlo code MULTSCA
using the resonance parameters of this evaluation. Note
that the ordinate is linear from -10 to +10 barn x eV% and
logarithmic above 10 barn x eVs,
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Fig. 11. Comparison of the measured and computed capture
probabilities for a 238U sample of .0028 atoms/barn and for
incident neutron energies from 3 to 4 keV. The ordinate iS
the probability of capture multiplied by the square root of
the energy and divided by the sample thickness in atoms/barn.
The calculation was done with the Monte Carlo code MULTSCA
using the resonance parameters of this evaluation. Note
that the ordinate is Tinear from -10 to +10 barn x eV and
logarithmic ahove 10 barn x eV,
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7. DISTRIBUTION OF THE RESONANCE PARAMETERS

A. S-wave Levels

Figure 12 shows the cumulative number of s-wave levels versus
neutron energy. As was discussed in Section 3.F the small levels
were divided into s-waves and p-waves so as to satisfy the Dyson
and Metha By statistical test,D8 for the s-wave levels in the in-
terval 0 to 4000 eV. The mean square deviation /\3 for the sequenece

of n levels in the energy interval -L to +L is defined as:

L
Ay = 5t _/:L[N(E)-AE-B] 2 sE (9)

with (Az>=— (In(n)-.0686) and var < Ay > = .012
™

where N(E) is the cumulative number of levels versus neutron
energy and AE-B is the linear function fitted to it. For the
interval 0-4 keV we have Ay = .606; n = 162 and <A3> = .509.
Hence the computed value of A3 is within one standard deviation

of the most probable value <A3)

The average s-wave level spacing D% can hest he nhtained

from the Dyson and Metha Tinear statistics W:D8

I
E
W=D, [1-(%)2] s with < WD = L and var < W > =1/2 (10)

j=1 2D

which yields a value D° = 24,78 + .14 eV. Of course, the error

estimate is the "sampling error" associated with the statistics
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Fig. 12. Cumulative number of s-wave levels vs neutron
energy. The solid Tine is a linear fit to N(E) and corresponds
to an average spacing of 24.78 eV.
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of the energy levels and does not include a possible error
associated with an incorrect distribution of the small levels

between s- and p-waves. This error is estimated to be + 2 eV.

The value of D° obtained in this evaluation is 1érger than

the 20.8 eV given by Rahn et a1.B20

IV.C] The reason is that a number of small levels which had

and the 21.05 eV of ENDF/B-

been,assuméd to be s-wave by Rahn et al., and by the evd1u—

ator of ENDF/B-TV have since been shown to be more likely p-wave,
by the work of Corvi, Rohr and Weigmann.325 For the interval 1
to 2 keV the present evaluation yields a spacing of 22.9 + 1.8 eV
in good agreement with the value 22.4 + 1.0 eV obtained by Corvi

et al.

In Fig. 13 the observed distribution of s-wave nearest-neighbor

spacings is compared with a Wigner distribution for one popu]ation.D23
-m x2
=T 4 = = S
P(x) = 5 3 e X = (11)

where x is the ratio of the spacing S to the averaye spacing D°.
The agreement between the observed distribution and the Wigner
distr{bution is good, except that one large spacing is observed
with a value of x between 3.8 and 4.0. The probability to observe

3

a spacing in fhis range, with 161 spacings, is only 1.4X10°
The spacing is that between fhe s-wave 1eve1$ at 1298.7 eV and

1393.8 eV. Eight small levels have been observed in this interval,
but the most important levels at 1317 eV, 1331.5 eV, and 1386.1 eV

. B25
have been shown to be likely p-waves by Corvi, Rohr, and Weigmann.
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The remaining levels have neutron widths smaller than .6 mV hence

B15 If a level had been

are very unlikely to be s-wave levels.
added at 1360.7 eV, the computed value of b4, equation (9), would
have become .650 for a most probable value A3> = .509 and a

standard deviation of .1095.

Figure 14 shows the cumulative sum of.the s-wave reducea neutron
widths versusvenergy. The slope of the curve determinés the s-wave
strength function. The cumulative sum of reduced w{dfhs ddes not
behave very 1inear]y with respect to energy so that the "local
strength function" varies considerably from one energy region to
another. This variation of the local strength functioniwifh energy
has already been observed by Carraro and Ko]ar,B]7 Rahn et a].BZO

and by McCrosson.C1

In Table XIX we give a few'retent determinations
of the s-wave strength function, s®. Above 1 keV fhe values obtained
in this evaluation are approximately 10% higher than those uf ENDF/B-
IV because ENDF/B-IV is mostly based on the measurements of Rahn et

aT.BZO whereas the more recent measurements of Nakajima et a].,826

Poortmans et 31.832 and Olsen et al.BB] all yield values of Pn
somewhat larger, on the average, than those of Rahn et a].’as in-

dicated in Table VI.
In Fig. 15 the integral distribution of s-wave reduced neutron
widths: |

©o oo

P(x) = ]N; f N(Z) dZ with‘N.'I. = f N(z) dz (12)
X 0
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Table XIX. Comparison of s-Wave Strength Functions

(A1 values are multiplied by 10%)

Energy Carraro(]) Rahn(1) 01sen(]) Poortmans(1) ' This
Interval and Kolar et al. et al. et al. ENDF/B-IV Evaluation
(keV)
0- .5 (1.02)(3) 1,065 1.001 992 1.014 © 1.006
.5-1 1.041 .996 1.009 .996 .997 1.004
1-1.5 .924 .894 .932 .927 .861 .927
1.5-2 1.586 1.452 1.597 1.617 1.452 1.566
2-2.5 1.029 .912 1.024 1.019 .933 .988
2.5-3 1.473 1.294 1.551 1.441 1.258 1.461
3-3.5 1.176 .983 1.261 1.150 - .895 1.172
3.5-4 1.267 1.009 1.293 1.250 1.088 1.221
0-4 1.190 1.075 1.208 1.175 1.062 1.168

(1) These values were obtained by adding the reduced neutron widths reported
by the indicated authors for the levels assigned to s-wave in the present
evaluation.

(2) Carraro and Kolar do not report neutron widths for the first three s-wave
Tevels. The values of this evaluation were used for these three levels
in computing the strength function.
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Fig. 14. Cumulative sum of the s-wave reduced neutron widths
vs energy. The slope of the curve determines the s-wave strength
function.
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Tines correspond to x2 distribution laws with 1 and 2 degrees of free-
dom respectively. The observed distribution seems to-agree better with
the v=1 distribution law (Porter-Thomas Distribution).
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I‘no

where Z f<f;6>’ is compared to integral distributions corresponding

to XZ distribution lawsD?4 withv=1and v = 2 -
y PV R 7Y
P = —2— [ e (13)
2F(‘2—) X :

The observed distribution seems in better agreement with the

distribution corrcsponding to v = 1 (Porter~Thomas distrihutinn).

As was explained in Section 3.D the capture widths of most
s-wave levels have not been measured, and a value of FY = 23.5 mV
was assigned to those levels. The average value of the capture
width of those levels for which one or more measurements were
reported was found to be 23.23 mV with a variance-<FY2>- <1“Y>2
of 4.61 mvZ,
o

P-wave Levels

Figure 16 is a histogram of the cumulative number of p-wave
1eve1s versus neutron energy. Up to 800 eV the histogram increases
approximately linearly with energy. Above 800 eV, the slope de-
creases with increasing energy, probably because an increasing
fraction of small levels are not detected, since the energy reso=

lution deteriorates with increasing energy.

The average p-wave level spacing was obtained over the interval

1

0 to 800 eV as D' =8.91 + .1 eY. The error is the sampling error
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Fig. 16. Histogram of the cumulative number of p-wave levels
vs neutron energy. Up to 800 eV, the histogram increases approxi-
mately linearly with energy. Above 800 eV, the slope decreases
with increasing energy, probably because an increasing fraction
of small levels are not detected, since the energy resolution
deteriorates with increasing energy.
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only. This value is not very different -from the value DO/3=
8.3 eV which would be expected if the density of .states were
proportional to 2J + 1 and independent of parity where J is

the spin of the state.B]5

In Fig. 17 the nearest neighbor spacings distribution of p-wave
levels below 800 eV is compared Lu a Wiyner dislribulion for Lwo

populations with a ratio of level densities p = 2.

_ ' 2

P(p,x) = Ps( ryst 2,x) + Ps(r 5T ],x) + (51$72 (14)
: - 2 p2+1

with: e 7 X [517)2
P(r,,r,,x) = T op3 X 1 - erf dﬂ_ r X e—%'x 2?‘% (15)

S 1°° 2 T2 ] 2 2

and 7 = o rp = 1

T+o , T+p

The distribution law (14) has been discussed by Gurev{tch and

D25 D26

~Pevzner 239

and Harvey and Hughes. " P-wave neutrons may form U
states with J.= 1/2 and J = 3/2; if the density of states is pro-
portional to 2J + 1, the rativ p of the two populations 15 2. The
agreement between the observed and expected .nearest neighbors distri-
butions js_cOnsideréd'reaéonabTe. |

;Thé cumuiativé sum of tHe p-wave reduced neutron widths is -
shown in Fig. 7. If all the b-wave 1evéls‘were detected éxperi-
mentally, the p-wave strength function woula be proportional to
the "slope" of the histogram shown in Fig; 7. This slope is

approkimate]y constant up to 1500 eV. Above that energy it decreases
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sharply and this is interpreted as indicating that many p-wave
levels are missed -above 1500 eV, becaﬁse of the increasingly
poorer resolution of the time-of-flight measurements and because
the measurements of Corvi, Rohr and WeigmannBZS from which many
of the éva]uated p-wave Tevels were obtained, extends only to

1550 eV.

'The p-wave strength function was evaluated from the slope of

the histogram of Fig. 7 below 1500 eV as:

N T
Y g —~
1 1 ,N-1 ] n=1  Ep3/2 -4
S' =5 () = (1.93 + .5) x10 (16)
3N (kOR)2 E,(N-E,(M =

“where ko'is the reduced wave number at 1 eV, previously defined

-12

and where R = .84 x 10 cm is the channel radius. The uncertainty

in the stfength function was estimated from the variations in the
slope of the histogram of Fig. 7. The value of S] obtained here

in‘consistent with ENDF/B-1V helow 500 eV (1.89 x 10'4)'and with

B20 4)

the values given by Rahn et al. (1.4 x 1077) and by Corvi et

B25 *.9

al (2.3 -.4 x 107%).

The average p-wave reduced neutron width can be obtained as:

<grl> < 30's' =52+ 1.4 my (17)

this value is larger than that estimated by Rahn et al. (2.95 mV)
but in very good agreement with that obtained by Corvi et al.
(5.42 t]:éé mV). The value corresponds toban average p-wave
reduced neutron width of 5.2 mV for the J = 1/2 states énd of

2.6 mV for the J = 3/2'states.
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In Fig. 18 the integral distribution of the variable

= gFl/ < gPl) is compared to integral distributjons corresponding
to X* distributions with v = 1 and v = 2 (equation 13). Only p-wave
levels up to 800 eV were used in obtaining the observed distribution
of Fig. 18. The observed distribution is consistent with a v = 1
(Porter-Thomas) distributfon for grl, as predicted by Bollinger

and Tho;m,\s,,B]5 In Table XX we summarize the values obtained for

.the s-wave and p-wave average resonance parameters.
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Table XX. Average Resonance Parameters

s-wave Levels

Number of Tevels below 4 keV

lAveragé spacing 0° (ev)

Strength function % (x 10%)
Average neutron width < rn®> (mV)

II. p-wave Levels

(a)

(b)
(c)

o

Number of levels below 4 keV.

Average spacing 0! at Tow energy (eV)

Strength function S] at low energy
(X 104) A :

Average neutron width(gl‘n]> (mv)
below 800 eV

below 500 eV.
below 1500 eV

ENDF/B-IIT | ENDF/B-IV | This Evaluation
199 190 162
20.1 121.05 24.8+2
1.045 1.062 1.168+.02
. 2.090 2.224 2.88+.24
258 220 280
8.91+.1 (a)
|
1,890 9345 (o)
5.2+1.4 (a)
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8. ESTIMATED UNCERTAINTIES

In principle the uncertainty associated with a particular meas-
urement of a parameter can be obtained by a careful analysis of the
possible sources of error in the measurement. This analysis is best
done by the experimenter performing the measurement, and presumably
this 1s the method used to vbtain Lhe errvrs reported. However, as
we have already stated in Section 3, the method generally does not
lead to a correct estimate'of.the uncertainties. This is evident
from the fact that data from different experiments often differ by
amounts far exceeding the estimated uncertainties as illustrated in

Tables II, III, VIII and IX for example. In Table XXI we compare the
neutron widths of the larger levels between 3500 and 4000 eV from

Garg et a1.B11 and carraro and Kolar.B17 It is interesting
to note that of the 13 levels given, the neutron widths as given
by Garg et al. and by Carraro and Kolar are consistent within the

errors given only in one case.

Since the "internal" error estimates given by the measurers can be
shown to be often unreliable, it seems more appropriate to evaluate

the errors "externally," that is from the dispersiun between results

from independent measurements.

The methods used to evaluate the errors parallels the methods
described in Section 3 and used to evaluate the "best values." We
distinguish between "statistical" errors which are uncorrelated
from one resonance to the next, and "systematic" errors which are

correlated over energy.
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Table XXI. Comparison of Two Sets of Neutron Widths Between
3.5 and 4.0 keV

Pn(mV)

Eo (eV) Garg et al. Carraro and Kolar
3561 143+48 256+20
3574 | 239+60 420430
3595 15.6+3 47.5+7
3630 217+30 559+55
3693 243+61 415420
3717 61+15 102410
3734 153+61 225+10
3765 34+6 94+5
3782 277+62 466+25
3832 | 6.2+3.1 12.6+2.5
3858 342+62 560+30
3873 249+93 201+10

3902 .. 225+3.75 327+30
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The "statistical" error Gj of the jth parameter was obtained

from the relation

DN
§2 7 154 (18)

- where the agk are defined in‘equation 5. The statistical errors
obtained for the s-wave and p-wave levels are listed in Tables XXII
and XXIII respectively. A<ﬁumbervof capture widths have not been
measured and have been assigned a value of‘23.5 mV. For these
parameters no statistical érror can be obtained, but a reasonable
uncorrelated uncertainty for these capture widths is estimated to
be + 2.35 mV. This corresponds'to a %2 distribution with v=200 for

the capture widths.D24

The systematic relative error on the level energies is estimated
to be:
4

6E _ 2.5 % 10°

& (19)
and is, of course, fully correlated with respect to energy. As was
stated in Section 3B the level energies were aligned on the scale

given by Olsen et a1.B31

Below 4 keV the error in the energy scale
of time-of-flight experiments is mostly due to the uncertainty in
flight path length. This length uncertainty in the measurement of
Olsen et al. is estimated to produce a relative energy uncertainty
of 2.0 X 10'4. However, a comparison of reéent]y determined energy
scales suggests that the relative energy uncertainty given above is
more realistic. The recent work concerning neutron energy standards

has been reviewed by G. D. James.DS
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Deviations! (A11 values in eV.)
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1 For the fission widths, see Table XXII-b.
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Table XXII-a.
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Table XXII-b. s-Wave Resonance Parameters and Their Uncorrelated

Standard Deviations
(A11 values in eV)
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Table XXIII. (Continued)
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«EBESEE C2 2.CCE CO 2.90C0E-03 1.20E-03 2+3S0E-02 2 +35E
«86GES2E (3 3.84E-C2 2+.610E-03 2.78E-04 2 .350F-02 243S8E
1.681CSE C2 4.CSE-0Q2 1.435€£-03 1.87€-04 2+350€-02 2 +32%E
1.8G28EFE (3 3.8SE-~C2 1.558€E-03 1.87€E-04 2.350E~-02 2+3SE
1leG2S42E (3 € 7TSE-C2 9.,447E-04 2+S0E-0a 2.350€E-02 235E
14632376 (2 2.CCE OC 4.000€-04 4,00E-NA 2+350E-02 243SE
1.G427€E (3 Se CCE-02 6.688€E-04 1.72€-04 2.,350E-02 2+3SE
1¢66CCCE C2 1 +4SE-01 1.437€-03 3.51E-04 2+350E-92 2.3SE
2.C0C€E7E ¢3 3.1%E-01 4,886E-04 1.89E-04 24359€E-02 2+3SE
2.CA4GCI1E (€32 £.11E-02 2.248E-03 3.67E-04 2.350€-02 2 +3SE
2.C5275€ C2 1+47€E-CY B8.683E~-04 1 .39E=-N4 2.350€-02 2«35C
2.CHIJQE €3 2.T(E OO 2+479E~-04 1e59€=0a 2.:350€-02 2.38E
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Table XXIII. (Continued)

m

SE T 8T r T
0 0 n n Y Y
2.0713SF €2 3.66E-02 1.664E-03 1.52E-04 2.350E-02 2.3S€E 00
2.08C7€E €3 S.32E-02 1.595E-03 1.99E-04 2.350E-02 2.3S€ 00
2.0E€CEE €3 2.,286-C2 4,352€E-03 5.51E-924 2+.350E~-02 2.3SE 00
2.10412€ €2 S.S2E-C2 1.406E-03 1.53€-04 24350E-02 2.3S5E 00
2.114C2E €2 1.5SE~-C1 9.536F-04 3.39E-04 2.350E-02 2.3SE 00
2.1241€F €3 2.8SE-92 3.893FE-03 3.37E-04 24350E-02 243SE 00
2.14CE3E €3 2.0CE 00 9.917F-04 5.29E-04 2.359E-02 2,.,3SE 00
2.17272F €2 Aa.E6ZE-C2 2.220F-03 1.99E-04 2.350E-02 Z.3%€ 00
2.17SC2E €2 2.CCF nC 7+.933E-04 4.,24E-5a 2.350E-02 2.35€E 00
2¢21€42E €3 4.5CE-C2 3.418E-03 2.99€-24 2.350E-0Z Z+3SE 00
2.24144E €3 2.07€-01 1.080F-03 2.91E-94 2.350E-02 2.3%E 60
2.27143F €3 2.cce 90 3.768E-03 3.18E-04 2.350E-02 2.3SE 00
2.2939EE (3 1.47E-01 1.260€-03 1.,17E-03 2.350E-02 2.35E 00
2.2S€S2E (3 S.8SE-02 S«734E-03 3,15€-04 2.350€-02 2.3SE 00
2432€S1E €2  2.12E-01 1.461€-03 2.81E~04 2.350E-02 2,3SE 20
2.33E5GE €2 2.03E-C2 8.839E-03 B8.82E-04 2.350€-02 2.35€E 00
2.26E87SE (3 3.84E-C2 6.117€-03 6.43E-04 2+350E~02 2.35E 00
26 28442E (3 l.520-01 loﬂbnh=03 d.IAE=00 24350C-02 £.3SE 00
2.3S77EE €3 3.B7E-02 4.670€E- oa 2.74E-08 2.350E-02 2.35E 00
2.8N1°0F (3 3.8FE=-Q2 4.3?2% 6+97E-%4 2.350€E-02 Zz.3%E 00
24411226 €2 2.€4E-02 5.1 3.62E-04 2e3BUE=ULZ 24336 VY
2.418C7E C3 2.CoF-Ci 1.038E~ 03 3.67E-04 2.3%0F=02 2,3S€C 00
2.88 142k (3 2.0CE OC 34966C 04 L£.10C 04 2.36806-02 2-.315F an
20S0223E €3 3.6EE~02 3.855E-73 3,82E-04 2.350E-02 2.35E 00
2.€270€E €2 1.2G6E-01 B8.677E-04 S.87E-%4 2.350E-02 2.,3S5€ 00
ZaCOALCC €3 E.440-C1 3.0946-03 1 .1R8F=-02 2.350FE-02 2.3% gg
2eoURTZEFE (3 1) SC=-C1 34194603 A4.19E~04 2.380E~072 2.35
Z4€LZCEE €3 7.77E-C2 4.865E-03 S.17€E-04 2.350£-02 2.35€E 00
24€327CE €3 7.C3E-02 4,313E-03 4,67E-04 2.350E~02 2.35E 00
2.63€EH1E C2 <.E1E-C2 2.882E-03 4.92E-04 2.350E~02 2435 N0
2.€SQC2E €2 2.CCE CC 94913€-04 3,18E-04 2.,350€-02 2.35E 00
2.6SEEEE C3 4.65E-02 4.254E-03 8.,63E-04 2.350E-02 2.3SE 00
Z.€827€E C2 1.43E-0) 2.360€E-03 5.83E-04 2.3S0E-02 2.35E 00
247016SE, €3  E.5SE-02 1.767E-03 7.87E-04 2.350E-02 2.35E 02
2.76€€65E' 03 S.11E-02 3.084E-03 4.07E-%4 2.350E-02 2.35E 00
2.77482E €3 1.23E-Cl 1.500€-03 5.40E-04 2.350€-02 2.3SE 00
2.77B73E €3 2.CCE 00 1.289F-03 4.24E-04 2.350E-02 2.3SE 00
2.79SS4E €3 4.C4aE-02 4.968E-03 4.53E-04 2+350E-02 2.35E 00
Z4B11€3E €3I ES,11E-02 S«162E-03 4.83E-04 2.350E-02 2.3SE 00
2+.E1€2CE €3 1.83E-01 1«371E-03 6.01E-04 2.350E-02 2.,3SE 00
2o822C3E (2 2.CCE CC 1.982E-03 1.06E-03 2+350E-02 2.35€ 00
2.84€S58E €3 G.ESE-01 5.965E-04 3,18E-04 2.350E-02 2.,3S5E 00
2.E77€CE C23 4.5CE-C2 2.150E-03 2.99€E-04 2.350E-02 2435 09
2.51€837€ 73 S.11E-02 7.041E-03 7.50E-04 2.359E-02 2+35€E 00
20G22€7€E C3  7.4SE=~C2 64757E-03 6.48E-04 2.350E~-02 2.35E 00
2.G2E8G6E (2 S.73E-C2 6,701E-03 1.,64E-03 2.350E-02 2.35E 00
2.54%31E €3 7436E--02 2.138€E-03 7.R7E-04 2.35N€-02 £
2.G675€E €2 €.CLE-02 3.766E-03 4 .63E-04 2.,350E-02 2.435€
2.G8BEECE €3 4.CS5E-02 6.642E-03 6.06E-94 2.350€-02 2.,35E 00
3.01€17E €2 1.$SE-01 1.459E=03 B8.93€-04 2.350E-02 2.,3S€ 00
3.C247CE (2 4.2SE-C2 4,194€E-03 1.17E-03 2.350E-02 2.3SE 90
3.C428Ct T3 S.adE-€C2 3.82T€~03 5.29C-94 2.360E-92 2.35€E 0N
del7c2e8 (2 1.91E-C1 1:087C-03 3.07E-04 2.350€E=02 2.35F NO
3.C8113E €2 1.2CE-01 1.709E=03 3:98E-04 £+350E-02 QJ2.38E 00
3.CBETLIE C2 7.3€E-02 3.552€-03 7.87E-04 2.350E-02 Z.,3SE 00
3i1023S€E €2 1.185E-C1 2.158E-03 9.4S5E-04 2.350E-02 2.3SE 00
3.13041E €3 E.38E-92 3.081€E-03 1.12E-03 2.350€-02 2.3%€E 00
3.1328EE (2 3.CSE-02 8+312E-03 6.08E-04 2.350E-02 2.35E 00
3.24CASE (€3 3.8CE-01 1.528E-03 4.,83E-04 2.3S50E-02 2.3SE 00
3,Z€40ZE €2 1.ECE-O1 1.831E~03 1.03€E-03 2+350E-02 2+3SE 00
3.26752E (€2 3,4EE-02 9.866E-03 1.,13E-03 2.350E-02 2.35E 00
1.273229F €3 1.64E-0Q2 1,086E-02 1.42E-03 2.350E-02 2.3SE 00
2.2S74EE €2 3.67€-02 9.629E-03 9 .21E-04 2.350E=02 2.33€ 00
3.20781E €2 4,2%E-62 4.735E-03 1,32€E-03 2.350E-02 2435C 00
Je3alze €3 7.776-02 4,072F=-03  A.N3IF-04 2.350€-02 2.35€ 00
3.34€02E €2 2.C7€E-01 1.8419E-0U3 | +4T€E=03 2.3506€-02 £.,35€ 00
3.36€S7E €2 2.CCE 100 B,917E~04 5,298=04 2.350E-02 2.3SE 00
3.Z7E2GE C2 i,qe -02 7+67SE-03 1,17€-03 2.350€E-02 2,35€ 00
3.3837SE (3 £.74E-0H2 3.562E-03 l.87E=Ua 2e333€8-02 2.33C 060
3.39G627E €2 2,47E-C2 7.729E-03 9.61E-04 2.350E-02 2.,3S5E 00
3.4178CE €2 1.C3E-CI 4,089E~03 S.75E-04 2.350E-02 2,3SE 00
3.47058€ gg 1+31E 00 1.513E-03 S.47€E-03 2.350E-02 2.3SE 00
3,4SE71E 4.47E-02 1.085E-02 | 078208 2:330E-02 £.35C 00
3.5134€E (3 1.52€-01 1.898€E-03 4.96E-04 2.350E-02 2.35€ 00
3,E1AEEE (3 2.CLE 0 )-8ASF=03 5.29C-04 2v352€E~-03 3.35€ 09
3,5222€E (2 1.,27€-01 2.068E-03 4.98E-04 2.350E-02 2.35E 00
3. S2EE3IE (3 S5.CSE-02 6.317E-03 8.61E-04 2.350E-02 2.3SE 09
2.€63€EG3E €2 1.1SE-C1 7.947E-03 8.27E-04 2.350E-02 2.35E 00
3.€5422E C2 1 .7€E-91 2.707E-03 9.0BE-04 2.350€-02 2.35E 00
J.EE€Z4CE €2 2.27E-01 2.603E-03 S.91E-04 2.350E-02 2.3S€E 00
2.€7234E €3 6.71E-02 S+117E~-03 5.88E-04 2+.350E-02 2.3SE €O
2.68224E €3 €,$5E-02 4,376E~-03 8,59E-04 2.350E-02 2.35E 00
3,7246SC €3 ELSSE-C2 7.258E-03 9,26E-04 2.350E-02 2.35E 09
3.741SC€E €2 2,25E-C1 8.365€E-04 4,15€-04 2.350€-02 2.3S€ 00
3.,7SES1E €2 2.CCE 00 1.981E-03 4.,24E-04 2.350E-02 2.3%E OU
3.76112E €2 2.CCE €O 2.872E=-03 6435E-04 2.350E-02 2,3SE 90
3.80622E €3 2.CCE 00 6+438E-04 S5,.29E-04 2.350E-02 2.35E 00
3,8Z2C€GE €2 7.576-02 4.462E-03 6.91E-24 2.350E~02 2.,35€E 00
3.88C37E €3 1.S7€-C1 2.904E~03 5,.,18E-04 24350€-02 2.35E 00
JLEGQT7€E €2 £,82E-C2 8.524€E-03 1.,80E-03 2+350€E-02 Z.35E 00
3.627SCE €2 S.73E-02 14240E-02 1.65€E-03 2.350E-02 2.3SE 00
3.93032€ (3 2.CCE 0OC 1.387E-02 3,18E-03 2.350E-02 2.3SE 00
2.6332€E €2 4.CSE-C2 1.209€-02 2.10E-03 2.350E-02 2.35€ 00
3.G9264E €3 2.0CE 00 2.971E-03 1.59E-03 2+350E-02 2.,3SE 00
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The systematic relative error on the neutron widths appears
to increase linearly with energy and is approximately 4% at low

energy and 20% near the upper 1imit of the resolved range. On

that basis we estimate the systematic error to be:

ST .
=L = .03 + .04 Ej, with Ej in kev (20) .
nj _

This error is taken to be fully correlated over energy and among

s- and p-wave levels.

There is reasonable agreement among recent determinations of
the average cabtﬁre width for s-wave, hence we estimate the systematic
uncertainty on the capture width of s-wave levels to be .5 mV. This
corresponds to an accuracy of approximately 2% for the average s-wave
capture width. There is essentially no direct information concerning
the p-wave average capture width. In fact the only p-wave capture
width for which experimental values are available is that of the
level at 10.24 eV. Some argument can be made for a parity dependence

D27 Hence, the uncertainty in the average

of the average capture width.
value of the capture widths is larger than that for s-wave levels and

is somewhat arbitrarily estimated to be + 5 mV.

There are difficult normalization problems arising in the deter-
mination of the subthreshold fission areas, hence it is not surprising
to find systematic differences amdng the data from independenf experi-
ments. From the scatter of those data the systematic relative error

in the fission widths is estimated to be 20%.

We have already noted in Section 3 that no significant external
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correlations are observed among the partjal widths of a level reported
by different authors, in spite of the fact thét most measurehents will
yield stfong]y éorre]ated values for these partial widths. This wés
attributed to the fact that most determinations of the partial widths
are based on a number of experiments which ha?e different internél
correlations, and also the statistical uncertainties on the capture
and fission widths are sufficiently large as to obscure possibfercore
relations. We conclude that the correlations between the evaluated
.values of different partial widths are not signifiéant.

The uncertainty in the scattering radius was estimated at

-12

+ .025 x 10 cm from the scatter of the values reported in Table X.

The uncertainties in the smooth backgrounds (File 3) were
estimated from the various ‘approximations used in the comp&tétion
of these backgrounds. The scattering background is estimated to have
an uncertainty-of + 0.2 b. ¢orrelated over all energies. The capture
background is estimated to have an uncertainty of +.02 b correlatéed’
:over all-energies, and a second uncertainty of‘j_(.OO]GE%) b, where
E;is the neutron energy in eV, also correlated -over all energies
but not correlated to fhe'first uncertainty. The second uncertainty
Ariseslfrom the possibi]ity of missing small .levels or overcompensating
'fgr missed levels. The uhcertainty in the subthreshold fission
bachrand below 1. eV is estimated to be + 60%. The estimated -

systematic errors are summarized in Table XXIV.
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. Table XXIV. - Systematic Uncertainties in the Evaluated Parameters

0 to
XXII

Thé"fo]]owir{g systematic unceﬁaihties are cbrreﬁted over”the range' ‘

4 keV. Uncorrelated (statistical) uncertainties are given .in Tables .
and XXIII. See text for details. e e T Co o
SE
“Energy: Scale: —EQ = 0.00025
[s]
. . 8T, . S
Neutron Widths: - 0.03 + 0.0004 Eo (for s- and p-waves)
‘ . 8Ty 4 ‘0.05 for s-wave levels'™
Capture Widths: - =
: Y .lO.Z.for p-wave levels .
GI‘f
Fission Widths: —— = 0.2 T - e -

" Smooth Scattering Background: o, = *+0.2b

1)

Smooth Capture Background: GOY( + 0.02b

/2 in b.

Capture due to Unresolved Levels: GGY(Z) .=. + .0016E

. A -
“Effective Scattering Radius: da =+ .025 X 10 12 cm

(in these Aexpr‘eSsions, the energy is assumed to be in eV) -
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9. CONCLUSIONS

The present eva]yation differs significantly in many respects from
ENDF/B-IV. These differences result mostly from new measurements and

new analyses of older measurements.

The most significant changes, for computing performance parameters
of thérma} reactors, are surely the reduction of the capture widths of
the first three s-wave levels, by about 15%, and the increased neutron

widths of the levels at 20.9 eV and 36.8 eV, by about 10%.

Above 1.5 keV the Fn's obtained in this evaluation are on the average

10 to 20% 1argek than those of ENDF/B-IV. This is because the ENDF/B-IV

values were mostly based on the measurements of Rahn et a1.820 \nereas
the new measurements of Nakajima et a1.,826 Poortmans et a].,B32 and
B31 B17

Olsen et al., as well as the older measurement of Carraro and Kolar
all yield values of Fn larger than those given by Rahn et al. This is
" illustrated in Fig. 19 where the local s-wave strength function over

successive intervals of 500 eV from different measurements are compared.

A number of small levels considered s-wave levels in ENDF/B-IV are
here considered as p-wave levels, and vice versa. The ENDF/B-IV angular
momentum assignments essentially followed that of Rahn et a].BZO The

different assignments in this evaluation mostly result from the work

of Corvi, Rohr and WeigmannB25

and from a systematic application of the
Ay statistic. The present evaluation has 162 s-wave and 258 p-wave
levels in the interval 0-4 keV, whereas ENDF/B-IV had 190 s-wave and

220 p-wave levels in the same interval.

o
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Fig. 19. Comparison of local s-wave strength functions. The
values were obtained by adding the reduced neutron widths reported
by the author indicated for the levels assigned to s-waves in the

present evaluation.
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The more precise calculation of the scattering background and the
use of a multilevel formula for the calculation of the s-wave contri-

bution will avoid "negat{ve'cross sections"_énd the systematic dis-
D11

crepancies between levels whiéh were present in ENDF/B-IV.

Finally the recent méasurehents of Slovacek et a1.829

B33

and Difilippo
et al. allow a much better definition of the subthreshold fission

than what was included in ENDF/B-IV.

A number of problems have been encountered in this evaluation which

point to the desirability of further work.

There are Systematic discrepancies, often of the order of 20%,
amoﬁg the various values reported for Fn’ particularly above 1.§ keV.
Thesg discrepancies are present even among the most recent measure-
ments. In our obinion"the discrepancies result from inadequate methods
of éﬁa]&zing transmission measurements, particularly at high energy
where backgrounds are difficult to estimate and where resolution broad-

D3

ening is important and often asymmetric. The work of Derrien”” and

RibonDz illustrates some of the problems.

The most recent measurements (after 1972) of the capture and neu-
tron widths of the important first few s-wave levels are very consistent
but.it is somewhat surprising that those recent measurements yield

values so much different than the average of older measurements.

As illustrated in Table XVIII there are fairly large discrepancies
between the direct meésufements of the capture cross section and cal-

culations based on the evaluated resonance parameters. Since there
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are large discrepancies also among the various direct measurements of

capture; we believe the computed values to be more reliable.

Finally, careful measurements of the capture and total cross sec-
tions below 1 eV appear very desirable. This energy region is of course
very important for thermal reactor calculations. The "thermal cross
sections“{are well determihed by a'numbek of independent measurements,
but it is difficult to veconcile these thermal values with any reason-
able assumption concerning the bound levels-near the binding energy.

It is not unlikely that much of the thermal capture is due to a small
p-wave level near zero energy. If this were so the captufe Cross sec-
tion mfght not be inversely proportional io the ye]o;jﬁy in the thermal

region, as is usually assumed.

An attempt was made to evaluate statistical and systematic uncer-
tainties for all the parameters of this evaluation. The evaluation of
those uncertainties is based only on differential data. It would be
desirable to test the evaluation against integraT déta suéh as perform-
ance parameters from thermal benchmark;. In Table XXV the infinitely
di1uté capture resonance integral computed from ENDF/B-IV and from
this evaluation are compared with the value reported by BNL-325C2
and based on direct experimental measur‘ements.D28 Both evaluated
values agree well with the measurements.

An early version of this evaluation was used in a sensitivity
analysis of the TRX-2 lattic parameters.D9 The study indicated that
the proposed modifications of the partial widths of the first few

s-wave levels improved the agreement between calculated and measured
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238U captures in TRX-2.

A7

values of the ratio of epithermal-to-thermal
This is consistent with the result of similar calculations based on

a reduction of the capture width of the level at 6.67 eV.

Table XXV. Infinite Dilution Capture Resonance Integral

1. Computation with present evaluation:

1/v part of cross section 1.215 b
Resolved s-wave levels - 275.18 b
Resolved p-wave levels .81 b

Cross section above 4 keV (estimated) 2.19 b

Total 279.4 b

2. Computed with ENDF/B-IV 278.4 b

3.  Experimental value (BNL-325) 275+¢5 b
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