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ABSTRACT 

This report describes an evaluation of the 238u cross sections 

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 resonance parameters and for the smooth back

grounds. The statistical distributions of the resonance parameters 

are compared with theoretically expected distributions. 
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1. INTRODUCTION 

In this report we discuss an evaluation of the 238u cross sections 

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

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

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

ments of the low energy 23Su cross sections have been reported;821 -833 

and some older measurements have been carefully reexamined.A7 

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 238u capture rate in thermal critical lattices. 

New precise measurements and new analyses of older measurements have been 

greatly stimulated by a 11 Specialists Meeting on Resonance Parameters of 

Fertile Nuclei and 239puu held in Saclay on May 20-22, 1974A5 and by a. 

11 Seminar on 238u Resonance Capture 11 held in Brookhaven National Labora

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 

and analyses of the 238u cross sections below 4 keV, performed since 

1974. Ear'lier experiments have been reviewed by Moxon. CS 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 238u CROSS SECTIONS 

Measurements of the 238u resonance parameters done before 1974 

have been reviewed and discussed by M. C. Moxon.c5 Since then exten

sive series of measurements have been reported by Nakajima et al. ,B26 

Olsen et al. ,B3l and Poortmans et al.B32 These three series of meas-

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

Geel measurements is not yet completed! ~iou and Ch~ienB30 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 

WeigmannB25 were able to make many p-wave assignments in the neutron 

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

gamma rays above 4.3 MeV. Subthreshold fission in 238u below 4 keV 

has recently been investigated by Block et al.,B27 Blons, Mazur, and 

Paya,B28 Wartena, Weigmann, and Migneco,B24 Difilippo et al .,B33 and 

Slovacek et al.B2Y Finally a series of self-indication measurements 

was recently completed at RPI.B34 The analyses of these measurements 

by Block et al. and by Finch01 are still preliminary; Some experi

menta1 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 

level reported by Jackson and LynnBB has been questioned by a group 

of experimentalists at the 11 Seminar on 238u Resonance Capture.~~ In 

their view 11 this high accuracy is not supported by any details re

ported in the paper and is judged to be unrealistic. 11A7 liou and 



Author, Year, Energy Range 
Labqratory Ref. (eV) 

Cor~i. Rollr, Weigmann B25 10-1600 
(75) Euratom, Geel, 
Belgium 
Nakajima et a 1. (75) B25 20-4700 
JAER I, Japan 

Liou and Chri en (76) B3) <120 
BNL 

Olsen et al. (77) B31 1-4000 
ORriL 
Poortmans et al. (77) B32 1-4270 
Euratom, Geel, Belgium 

Block et al. (77) B3ol 
RPI 
Block et al. (73) B2'1 >600 
RPI 
Wart.:ma,Weigmann,Migneco B24 >600 
(75) Euratom, Geel, Belgium 
Blon;, Mazur, Pay a (7s:• B28 >600 
Sac lay, France 
Slov.:~cek et al. {77) B29 >1 
RPI 

Di fi 1 i ppo et a 1. (77) B33 >1 
ORNL 

,. 

Table I. Experimental Details of Recent Measurements 
(For experiments prior to 1974 see Moxon's review, Ref. CS) 

Type of 
Me:~surements Detectors Samples 

CaJture and o(E,Ey) Nai(Tl) 13.9 g/cm2 a2d 
Unac, 50 m 4.64 g/cm 

Tr.:~nsmi ss ion, 1.25 em thick 6Li . 00725/ L i 1ac, 190 m glass .014 atom/b 
.0236 N.U. 

Transmission, Self- Nai + lOB from 8.6.10-5 
indication, capture and Ge Li to .09 atom/b 
fast chopper 
Transmission, Linac 1 mm and 2.5 em from 1.85.10-4 
40 and 150 m thick 6u glass to 3.62 atom/b 
Transmission, capture, C6F~ liquid scint. for from 10-5 to .03 
scattering, Linac 30 cap ure 3He gas scint. atom/b 
and ·60 m for scattering and 

transmission 
Se'lf-indication Large liquid scint. .08 to 1.3 em thick 
L hac 25 m 
Subthreshold fission Ionization fission 
Linac, 10 m chambers 
Subthreshold fission Liquid-scint. (to detect 250g 238u sample 
Linac 30 m prompt fission gammas) 
Subthreshold fission gas-scint. 
Linac 22.4 & 52 m 
Subthreshold fission Ionization fission 
slowing down spect. chamber 

Subthreshold fission Ionization fission 4.7g 238u in 
Linac 20 & 40 m chamber chamber 

Type of 
Analysis Comments 

Area P-wave assign-
ments 

Atta Harvey One sample at 
Area 77°K 

Area & multi-
level shape fits 

SlOB: Multilevel 
shape analysis 
Atta Harvey shape Some samples 
·and area; & SlOB at 770K. ·w 
multilevel shape Data Pre-

1 iminary 
multilevel fits Analysis in-

·complete 
Area 

Area 

Area Includes esti-
mate of thermal 
fission cross sec. 

Area Relatively good 
resolution 
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Chrien830 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 uncertainty 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. 

Oerrien°2•03 and Ribon°2 hav~ t~analyzed some of the transm1ssiun 

measutements of Rahn et a1. R?O and uf CarTar·u- dllll Kuldr·817 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 Carrara and Kolar are 16% smaller 

than those given by Carrara and Kolar. Between 2.5 and 2.8 keV 

Derrien•s values of rn obt~ined from the analysis of the transmission 

measurements of Rahn et al. are 14% higher than 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 11 fit 11 a residual transm1ss1on background and hem;e should 

be more reliable. 

The comparison between shape analysis nnd iJrP.a anfllysis results 

is illustrated in Tables II and III (taken from the paper of Derrien). 

It is noteworthy that some values of rn obtained from the same data, 

by the two methods of analysis, differ by an amount larger than their . 
quoted uncertainties. ... 
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Table II. 238u 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 value~ 

(2 thicknesses (3 thicknesses) r. Bl7 B20 
cV rn meV rn mcV n meV In meV 

1473.4 114 : 2 108 : 2 125 : 8 125: 10 

1522.3 215 ! 4 236 ! 3 260 ! 15 240 ! 15 

1597.5 309 ! 6 352 ! 4 351 ! 40 355 : 25 

1622.3 97 ! 2 88 ! 2 116 : 15 68 : 14 

1637.4 50 ! I 46 ! 2 60 ! 5 50 ! 8 

1662·.0 201 ! 4 214 ! 4 241 ! 20 171 ! 20 

1687.3 98 : 2 97 : 2 104 ! 9 92 : 10 

1709.0 81 : 2 77 : 2 + "" 94 - 7 86 : 8 

1755.2 121 ! 3 116 : 3 135 ! 10 105 : 10 

L.r 1286 1334 1486 1292 
n 

(This Table, including the comments, is reproduced from the 
paper of H. Derrien, Ref. 03) 

In the shape analysis of Geel data the adjusted background 
parameters a were negligible (~l0- 3 ). 

In the shape analysis of Columbia the adjusted background 
parameters a were equal to: 

0. 0011 
-0.010 
0.027 

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

For the signification of the parameter a see comments on 
Table III. 
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Table III. f Values for Large Resonances Between 2.5 keV 
n and 2.8 keV 

Shape analysis CAR!{ARO et Shape analysis RAHN et al. 
Energy on Geel al. re.sults on Columbia results 

eV transmissions (Helsinki) transmissions 

-•..tt!•O ----

2547.2 711i:!::3o 70~:!::36 675:!::27 550!55 

2558.5 282:!::12 234:!::10 271!27 230±30 

2579.9 439±22 394!20 436!27 340.!.39 

2599.0 760±38 79o±so 795±42 740±45 

2671.3 281±i4 280±10 265±24 270!20 

2716.5 171:!::8 170.!10 155!18 145±14 

L. rn. 2649 2574 2596 2275 

(This Table, including the comments, is reproduced 
from the paper of Derrien, Ref. 03) 

COMMENTS ON TABLE III 

The Geel shape analysis has been done on the 0.011 at/b ~ample; 
no b.:11:~kgrnund correction is neerlPrl; hut the normalization coefficient 
is eaual 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 th~orctical formulation of the transmission used in the 
shape analysis is the following: 

T r = a + c ( e ~ncrA):t R 

cr~ 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 c the normalization coefficient. 
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Recently Olsen et al., 831 Liou and Chrien830 and Finch01 

have stressed the importance of multilevel effects in obtaining 

resonance parameters from transmission data and in describing 

neutron transmission through thick 238u samples. For instance, 

Olsen et al. have shown that a shape analysis of their trans

mission dat~ converges towards the values of rn = 1.39 mV, 

r = 25.1 mV for the level at 6,67 eV, when multilevel effects y 

are ignored. When multilevel effects are taken into account, the 

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

and ry = 23.0 mV. 
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3. EVALUATION OF THE RESONANCE PARAMETERS FOR THE LEVELS WITH 
ENERGIES BETWEEN 1 AND 4000 eV 

A. General Considerations 

Since 1955, between 30 and 35 independent determinations 

of the 238u resonance parameters have been reported.Bl-B34 

Most of the earlier experimentsBl-BlO cover only the low 

energy resonances. up to 1 keV. Among the more recent ex-

periments six sets of measurements extend to ~ keV and 

above. Bll ~817 ~820 ,826,831 ,832 I he compari ~on nf th~ n~::;o-

nance parameters from the different experiments often shows 

discrepancies considerably larger than the estimated un

certainties and sometimes systematic. lhe reasons for these 

discrepancies are often not understood. 

The evdludlion or resonance parameters can be done in 

several ways, including the selection of the values from 

one single measurement estimated to be the most accurate, 

or, at the other extreme, averaging the results of all avail-

able measurements, weighting each by the inverse square of 

the reported error. The 1 atter approach was fo 11 owed by 

Moxon in his 1974 evaluationCS and the former approach was 

used by McCrossonCl 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. 

·:-

.1· 
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Pitterle et al.Cl have observed the existence of.systematic 

differences among resonance parameters reported by different 

measurers and have tried to 11 Correct 11 the experir.1ental ·data for 

the systematic effects by a regression analysis technique .. We 

have used a very smiliar approach here. 

Unfortunately there is no uniform method of estimating 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 sources. Hence the un

certainties are mostly systematic and often due to poorly known 

causes: undetected backgrounds~ method of analysis, and so on .. 

Some authors report only statistical errors, others combine them 

with estimated systematic errors; many authors report errors as 

generated by a resonance analysis computer code, on the basis 

of some goodness of fit criterion that has more to do with the 

model used to analyze the data than with the systematic err9rs 

in the measurements. 

Since there are inconsistencies in the ~ethods 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 error. We have attempted 

to weight the different experiments consistently by giving more 

weight to those experiments for which the parameters; corrected 

for systematic effects, agree well with the average of the 

other experiments. 
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Above ·200 eV we have considered only data reported since 

1967,814-834 except for the data reported in 1964 by Garget 

~1. 811 which cover an extensive energy range (6 to 3900 eV). 

We think t~at the inclusion of older data in our evaluation 

~ould not have improved the precision because these earlier 

result~ are'l1kely to have large systemat1c errors wh1ch are 

difficult to .assess because statistical errors are also larqe 

and because many of the measurements cover only a resitricted 

· energy ra.nge. 

~·Most transmission, self-indication, capture or scattering 

· mea-surements ·yield ·strongly correlated values o·f ·r and rn for 
. y 

a given resonance; in fact, many measurements yield only a 

~elation ~~tweeri t~~se two widths. 04 Nevertheless we observed 

no significant external correlation between t~e values of r 
y 

and r n reported by different o.uthur·s. The absem:;e of such 

e~tern~1 corielati~ns is'pirtli due to the fact that each value 

is based dn 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 cerrelation. Since no important external corre-

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

-these two-widths were evaluated -independently. 

' . 
B. Determination of the Level Energies 

The energy scales of the various measurements were aligned 

on the energy scale of the 150~ time-of-flight measurement of 

., 

.. 



11 

Olsen et a1. 831 This energy scale was selected as a standard 

because it is well .docum_ented and has beenextensively compared 

with other energy scales. 05 In Table IV a comparisori i~ shown 

of the energies of some. typical resonances as obtained by Olsen 

et al. and by other laboratoties. The position of most l~vels, 

_as given by Olsen et al. is intermediate between those given py:. 

Rahn et a1. 820 and by Poortmans et a1. 823 

The following procedure is used to align the energy scale 

of the k th experiment to that of 01 sen et a 1. The energy of 
th th . . .. I · . 

of j- 1 eve 1 reported by the k- experimenter, Ekj, is a·ssumed · 

to be related to the energy reported by 01 sen et al. for that 
. * level, EJ by the relation: 

( 1 ) 

Nk is the number o{ 1 eve 1 energies reported by the k th ex peri-

mente f. The structure of equation (1) is justified by analysis 

of the sourc·es of uncertainties in· the time~of-flight fecr.nique-~06 

The vr~lues of (Y.k r~nrl 1\ w~r~ obtained by minimizing 

Nk 
L: 

j=l 
w. 

J 
(2) 

where the sum is carried over a number of large levels which 

are easily identified. The weights w. were taken inversely J . 

proportional to the square of the uncertainties reported by 

the kth experimenter. Rohr et a1. 816 and Poortmans et a1. 832 

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

01 sen et a 1. 

145.6J I .03 
463.14 :+ .14 
619.95 + .19 
708.27 + . 22 

905.03 + .19 
1419.76 + .29 
1 4 7 3 • 82 + . 31 
1638.07 + .34 

2030.49 + .43 
2145.56 + .45 
2489. 18 + . 43 
2672.22 +.56 

2865.39 + .60 
3205.81 + .67 
3458.14 + .73 
357~ .0~ + . 75 

(All energies in eV) 

Corvi et a1. (a,b) 

145.68 + . 10 
463.62 + .4 
620.18 + .2 
708.59 + . 25 

905.47 + .30 
1420.7 + . 3 
1474.6 + .3 
1639.1 + .3 

2031.9 + .3 
2146.7 + . 3 
2490.8 + .4 
2674.0 + .8 

2867.5 + .8 
3208.1 +1.0 
3461.0 +1.2 
3576.6 +1.~ 

Rahn et al. 

145.57 + .·15 
462.8 + .4 
619.75 + .35 
707.9 + .4 

904.5 + .3 
1419.2. + .3 
1473.4 + .4 
1637.4 + .5 

2029.8 + .6 
2144.6 + .6 
2488.4 + .7 
2671.3 + .9 

2864.1 + .9 
3204.9 +1 .1 
3456.3 +1.3 
'3?12. -~ :£1 . -~ 

James et al. (b) 

145.603 + .02~ 
463.12 + .14 

708.18 + .45 

1419.88 + .46 

2489.50 + . 71 

a) Private communication from F. Corvi to G. D. James (1977). 
b) Private communication from G. D. James (1977). 



.. 

13 

Table V. Parameters "for Energy Scales Alignment 

All energy scales are aligned on ~he seal~ of Ol~en et.a1. 831 by the relation: 

* l/2 E = Ek (ak + Bk Ek . ) 

the values of ~ and Bk are tab.ulated below: 

.. , 
4 

Experiment Ref. ak 10 X Bk ak + sk(4000) 112 
and Year 

(ev-~) 

Garg et al. (64) 811 .999658 ;08653 1. 000205 

Glass et al. (68) 814 .999658 .08653 . 1 .000205 

Rohr et ul. (70) 816 .998714 . 18726 .999898 

Carraro & Kolar (70) 817 1.000312 -.20615 .999008 
' 

Maletski et al. (72) 819 1.000625 -.83687" '. 995332 

Rahn et al . (72) 820 1 .000340 .00290 1. 000358 

Corvi et a 1. (75) 825 .999428 .07633 . 999911 

Nakajima et al. (75) 826 1.000340 .00290 1.000358 

Liou and Chrien (77) 830 l. 0. 1. 

Olsen et al. (77) 831 l. 0. 1. (standard) 

Poortmans et a 1. (77) 832 .999428 .07633 .999911 

(The number of levels given in Ref. 830 is not sufficient for determining 
~ and Bk.) 
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energies. For these two measurements the energy uncertainties 

. were assumed to be the same as those given by Carraro and Kolar. 817 

In Table V the values of ak and Sk for a number of measurements 

are listed. Note that all corrections are much smaller than 1%. 

The values of the level energies were obtained by averaging the 

various independent determinations after realignment of t~e energy 

scales. 

C. Neutron Widths 

We have obtai ned < r nj ) , the average value of the neutron 

width of the j th 1 evel, as: 

r* 
L . njk 

. < r nj > = k . .o*~k . J (3) 

L 1 
*2 

k ojk 

'. 

where: 

* 
(ak+bkEjk) r rijk = rnjk 

(4) .. 

(5) 

and where P .k + 8.k is the kth experimenter's determination of ·. nJ - J 

the neutron width of the jth level, with its reported standard 

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

of the energy scale . 

,. 
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The. parameters ak and bk are intended·to correct the--results 

of the ki!!. experiment for possible systematic effects and .were;. 

obtained by minimizing with respect to ak and bk the quantity 

Nk 

L: r 'k (aK + bk 
2 

\ = j=l [< r nj >- nJ Ej k) J ( 6) . 

c2 2 
1<. 0 jk 

The par.ameters Ck are intended to give consistent weights 

to the various experiments and were obtained from the relation: 

1 
Nk -1 

.·: 

= 1 (7) 

The sums 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 Nk' ak' bk' and Ck for the 

. eleven measurements considered are listed in Table VI. For the 

experiments of Glass et a1. 814 , Corvi et a1. 825 , and Liou and 

Chri en830 the va 1 ues of ak, bk, and Ck cou.l d not be determined., 

by the method just discussed, because these experiments did not 

report values of rn.for a sufficient number of large l~vels. 

The values of ak' bk, and Ck for these measurements were 

assigned somewhat arbitrarily and are shown in Table VI. 

Thesystematic trends in the values of rn reported by 

diffe·rent experimenters are illustrated in Fig. 1. The left 
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part of the figure shows the values of rn reported by Garg 

et a1. 811 and by Olsen et a1. 831 against corresponding values 

obtained by averaging eleven measurements as just discussed. 

The values of Garget 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 rn. In the right part 

* of the figure, the corresponding values of rn' i.e., rn cor-

rected for systematic trends, are plotted against the average 

values of rn. 

In the averages defined by equation (3) each experiment 
2 is given a weight inversely proportional to Ck 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 the adjustment, after cor

rection for systematic trends. As may be seen in Table VI 

the older experiment of Garget a1. 811 is downweighted by a 

factor of 21, the experiment of Nakajima et a1. 826 is up

weighted by a factor of 1 .34, presumably because those authors 

overestimated their errors. 

D. 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 Correction of Systematic Trends in rn 

Corrected values fnjk 

ExpP.riment 

Garg at al. (64) 

Glass et al. (68) 

Rohr et al. (70) 

Carraro & Kolar (70) 

Maletski et al. (72) 

Rahn et al. (72) 

Corvi et al. (75) 

Nakajima et al. (75) 

L.i nu P. Chri en ( 77) 

Olsen et al. (77) 

roortman~ ct al. (77) 

Ref. 

Bll 

814 

816 

Bl7 

819 

820 

825 

. 826 

830 

831 

832 

.99755 .08252 

1. 0. 

.98039 .08432 

.97853 

1.0074 

1.0085 

1. 

.97176 

1. 

.00255 

.17217 

.05600 

0. 

. 03171 

0. 

1.0195 -.02192 

.99313 -.00689 

4.64 

2. 

.87 

. 75, 

1. 31 

1. 26 

2. 

.86 

1. 

1. 47 

1. nn 

(see equation 4) 

(see equation 5) 

~ +b.k *4000 ( 1 ) 

1.3276 

.98873 

1. 2325 

1.0986 

.9318 

.96156 

(The coefficients for Ref. 814, 825, and 830 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 

by Rohr, Weigmann, and Winter, 816 Maletski et al., 819 Rahn et 

al. ,820 Liou and Chrien, 830 Poortmans et al. ,832 and Olsen et 

a1. 831 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 ~ssumed by the ENDF/B-III and ENDF/B-IV evaluators;Cl it 

is consistent with the average value 23.55 mV recently evalu

ated by Rahn and HavensD7 and with the·value 23.43 mV + .11 mV 

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

E. 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 a1. 829 

and by Difi 1 i ppo et a 1. 833 were. averaged. For the other 1 eve 1 s 

the widths obtained by Difilippo et a1. 833 were used. The 

measurements of Difilippo et al. have appreciably better energy 

resolution than previous experiments, which permits a resolution 

of all the 11 Clusters .. below 4 keV into their Class 1 level 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 
lower part of the figure shows the fission cross section, the upper part, 
the effective capture cross section (multiplied byE~) 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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F. Angular Momentum Assignment 

Those levels which have large neutron widths (a few mV) 

can be identified as s- or p-wave levels from the depth of the 

interference minimum between the resonance and potential scat-

tering. For many levels with smaller neutron width such an 

identification is not possible. Corvi, Rohr, and Weigmann825 

were able to identify 57 levels below 1600 eV as p-waves by 

measuring the fraction of capture gamma rays above 4.3 MeV. 

It is reasonable to assume that all levels which belong 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) All 

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 h·igher angular momenta exceedingly small. 

(2) The Bayes's conditional pr-obability that a resonance be 

excited by p-wave neutrons, P(p,grn), was comput~d for all the 

1 eve 1 s, following the method described by Bo 11 i nger and Thomas. 815 

Al_l the levels with P(p,grn) <.5 were assumed to be exc1ted by 
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s-wave neutrons. (3) In order to satisfy the ~3 statistic08 

for the s-wave levels in the interval 0-4 keV, a few levels with 

P(p,grn) >.5 had to be taken as s-wave levels. Those levels 

were chosen to minimize the product of their probabilities to qe 

excited by p-wave neutrons. The energy, neutron width and value 

of P(p,gr ) of the s-wave levels with P(p,gr ) >.5 are given in · n . n 

Table VII. It should be clear that the division of levels with 

small neutron widths into s- and p-wave levels is not unique arid 

is based on rather weak probability cr1ter1a. 

G. 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,DY A comparison 

of the reported p~rameters of the~c seven levels illu~trates the 

difficulties in evaluating best values. Measurements of these 

parameters have been reported for more than 20 years. Most of 

the P.><pcrimental values as well as a few evaluat1ur~s dr·t: given 

in Tables VIII and IX. 

There are very large discrepancies between some of the vulue~ 

reported for the capture widths. For the important level at 6.67 eV 

there are at least five standard deviations between the value of 

Jackson and Lynn, 88 27.2 ±.. 0.4 mv, and Lhat of Liou and Chrien,830 

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 
(eV) (mV) · P{p, 9r. ) Comment 

n 

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 l. 71 .93 
1867.6 .88 .95 

P(p.,gr n) is the Bayes • s condi tiona 1 probabi 1 ity that the resonance 
is excited by p-wave neutrons (see text and reference 815). The levels 
listed above have all P(p,grn)>.5; they were nevet'theless taken us 
s-wave levels either because they were observed in subthreshold 
fission groups, or to satisfy the .6.3 st.atistics for level spacings . 



T:~ble VIII. Comparison of t1eas.ured and Evaluated}eutron W·idUs 
(Widths are given in mV) 

Year Ref. Eo•eV) 6.6:' ./ .. 
20.9 36.7 66.0 80.7 102.5 10.2 

Harvey et al. 55 Bl 8.5t.4 32. 5+1. 9 25+2 
Levin 56 82 1. 54+ .10 8.3+.7 30+4 
Lynn 56 183 1.4+.1 8.7+.3 28.6+1.5 ·. 22.6+1.5 1.8+.6 57. ~-+3 
Fluharty 56 B4 10.3+.2 32.6+9 25.4+7 2.34+.8J 69+20 
Bollinger 57 B5 '1.45+.12 9.9+.4 34+2.3 23.5+1 .5 2.1+. 2 74+5 .0014 
Radkevich 57 86 1.15+.04 6.35+.59 22+3.5 19.1+4.5 2.7+1.1 
Jackson 62 38 1.52+.01 
Moxon 62 39 34.5+3 23.5+1.5 1. 9+.3 69+3 
Firk 63 BlO 31:!:,. 9 25.1+1.2 65.9+2 
Garg 64 Bll 1 .52+.01 8.7+.3 31+.9 25+1 2.06+.1:' 65.9+2 

N 

Ash gar 66 813 1 578+. 1 9.34+.5 30.95+1.17 22.74+.77 1. 85+.15 ~-8.64+2 .0014 0"1 

Rohr 68 111!16 24.8+1.5 12.6+.5 
Carrara 71 IB17 25.3+1 2+1.5 E9.5+7 
Ma1etski 72 Bl9 24.0+1.5 2.2+.2 70+3 
Rahn 72 B20 1.52+. J5 8.5+.78 38+2 26+2 1.71+.18 70+4 .00177+.0004 
Nakajima 75 B26 10.1+1.0 33.4+1.7 25.5+1 .3 2.25+.JE., 71.3+4.3 
Liou 77 ::30 1 .50+ .•)3 9.86+.50 33. 3+1.2 25.6:!:,1.8 2. 16+. 1 E. 68+5 .00165+.00015 

Olsen 77 :31 1 . .480+. 03£ 10.16+.21 33.76+.70 24.37+.53 1. 823+.C46 70.9+1.E .00169+.00005 
Poortmans 77 .:32 10. 2+. 1 34.1+.5 23. 9:!:,.8 1.81+.0:: 7:D:!:,2 .00167+.00004 

BNL-325 65 •:2 1.!52+.02 8.5+.5 31+.9 25+1.2 2+.2 69+3 .0014 
73 C2 1.52"+.02 8.7+.5 32'+1 26+1. 5 2"+.2 7J+3 .00156+.00001 

Moxon 74 C5 1.51+.009 8.97+.175 31 .6+.5 24+.4 1.96+.07 7J.8+.4 .00156+.00001 

ENDF/B-I\' 75 Cl 1.50 8.8 31.1 25.3 2 7i .. 00156 
This Eva 1 uati on* 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 st:ti~.tica1! (un:orre1ated) standard deviation also given in Table XXII and X>JII. 

.•. 
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Table IX. Comparison of Measured and Evaluated Capture Widths 

(Widths are given in mV) 

Year Ref. Eo{eV) ~::.67 20.9 36.7 66.0 80:7 102.5 10.2 

Harvey et al. 55 81 25+5 29+9 17+10 

Levin 56 82· 24+2 30+6 40+20 

Lynn 56 83 26. 1 + 1. 5 28.8:!:_2.3 24.9+4.2 18.6+2.7 15.5+5.4 

Fluharty 56 84 25.9+12 27.7+24 39 .1+26 24+26 

Bollinger 57 85 26+3 21.9+2.3 29+10 25.6+9 

Radkevich 57 86 21.15+1.30 36+3.5 34+10 25.5+12 21+15 

Rosen 60 87 21+6 

Jackson 62 88 27.2+.4 

Moxon 62 89 21.2+3.5 24.1+2 24.1+2 

Firk 63 810 31.3+2.2 25.1+1.6 30.6+3.3 
N 

Michaudon 65 812 23+1 23+1 23+1 ~ 

Ash gar 66 813 23.43+10.12 33.83+4 26 . .33:!:_3 26.07+2 21.17+10 25.95+2 - -
Glass 68 814 20.9+6 1.7.35+4 24.9+5 

Rohr 68 816 19.6+3 26. 1:!:_2. 3 

Maletski 72 819 25+2 26+2 

Rahn 72 820 22+3 23+2 21+2 28+3 

Liou 77 830 21 . 8+ 1 23.5+1.5 23.6+2 22.2+2 23.7+2.5 24.3+2.5 

Olsen 77 831 23+.8 22.8:!:_.8 2.2. 9+.8 23.2+.8 24.3+1.3 24.1+.9 22".2+2 

Poortmans 77 832 23.2+.6 22.9+.3 24.0+.4 24.3+.4 

8NL-325 65 C2 26+2 26+4 .. 26+4 24+2 21+15 24+3 
73 C2 26+2 25~) .. 25+2 22+2 26+2 

Moxon 74 C5 26.9+.37 25. 7:!:_) 26.55+1.2 23. 56+.76 21. 17+8.9 25.78+.94 

ENDF/8-IV 75 Cl 25.6 26.8 26.0 23.5 23.5 26.0 23.5 

·This Evaluation* 77 22.5+.6 23.1+.5 22.9+.3 23.7+.3 24.2+1 .2 24.4+.3 23.5 

. *Error given he;e 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 Pattenden83 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 

of Rahn et a1. 820 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-wave levels, 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 111ost recent 

measurements 820 ' 830-12 (;tr·e very con~i stent but are approximately 

10% higher than the corresponding widths reported in earlier 

experiments.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 meo.sur·ements were also 

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

_pleted ur·anium thus reducing corrections for 235u contaminant. 

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

. and Moxon810 with those of Olsen et a1. 831 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 rig. 6 illustrates the 
improvement in statistical accuracy and in energy resolution obtained 
in the past 15 years . 
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350 eV. The improvements in r~solution, statistical accuracy 
' ' 

and number of samples used are evident. 

Ma.ny 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 .deriveq primarily from precise 

transmission measurements which do not require multiple scattering 

corrections. 

In Section 2 we have referred to the recent.reexamination 

of the work of Lynn and Jackson~ 

H. Resonance Forma 1 fsm and Scattering Radius 

We h~ve followed .the structure010 of the ENDF/B-IV evaluation 

of. 238u:Cl. below 1 eV the cross sections are defined entirely 

by their File 3 contribution; above 1 eV the smooth 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.:. 
. .· 

Wigner multilevel formula. Olsen et al. ,831 Liou and Chrien,830 

and Finch 01 have recently stressed the impo~ta~ce of using· a · 

multilevel formula to obtain an accurate representation of.the 

transmission through thick samples of 238u. DeSaussure et a1. 011 

have shown that for 238u the Bre.it-Wigner multilevel formula 

approximates very accurately the more exact multilevel formulae. 
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" In order to improve the representation of the cross sections 

just above 1 eV and just below 4000 eV, two 11 0utside 11 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 adjust~d tu yield the measured cross sectioni at therm~l 

energies, as will be discussed in the next section. 

The value of the effective scattering radius was evaluated 

as ~944 x lo-12 em. This value is somewhat higher than the value 

.9184 x lo-12 em evaluated by T. A. Pitterle for ENDF/8-II,Cl 

but it is more consistent with the recent measurements of Rahn 

et a1. 820 and Olsen et a1. 831 In Table X are listed a few values 

reported for the effective scattering radius of 238u. 85 ,B20,831 ,012 .. 15 

Table x. Measured and Evaluated Values of the 238u Effective 
Scattering Radius~ 

Author* Year . -a-- i n 10-1 2 em 

Huqhes and Pilcher 1956 .93 
8o 11 i nger et a 1 . 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 /8 II,. II I, IV 1970 .9184 
8NL-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) 

As previously stated, we have followed the structure 010 -of the 

ENDF/B-IV evaluation of 238u.Cl Below 1 eV the cross sections are 

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 

1 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 11 0utside levels 11 were in

cluded in File 2), or because those levels were not detected experi

mentally because they are very small or 11 0verlapped 11 by large levels. 

The contributions of the levels in the range from 4000 to 4500 eV 

were obtained by evaluating 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.~ kP.V 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 

11 picket fence 11 of uniform equidistant levels extending from -oo to 

-20 eV and from 4.5 keV to +oo, 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
0 

(keV) r n (mV) 

4.041 64.1 
4.064 19.6 
4.090 95.3 
/.1..125 41.5 
4.132 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 .G 
4.398 176.4 
4.436 103.0 
4.512 608.1 

All 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. 011 The parameters of the a~sumed level at -20 eV 

and the 11 Strengths 11 of the uniform picket fence were adjusted to 

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

The resonance parameters ·of th~ level assumed at -20 eV and the 

parameters used in computing the contribution·of the picket fence of 

uniform levels are given in Table XII. The reduced neutron width of 

the level at -20 eV was chosen ten times smaller than the average 

s-wave reduced neutron width in the resolved region. ·Even so the 

contribution of the picket fence to the capture and scattering cross 

sections had to be reduced by the factors FGC and FGN defined in 

Table XII, to yield the measured values of the cross sections at 

.0253 eV. Leonard016 -17 and Olsen et a1. 831 hav.e already noted 

that the local strength-function of the.bound levels near the bind

ing energy is appreciably lower than the average s-wave strength 

function over the resonance region. 

The various ·contributions to the computed capture and total 

cross section~ at .0253 ~V are listed in Tables XIII and XIV, where 

these computed cross sections are also compred to 11measured 11 values 

obtained from the 1973 edition of BNL-325.c2 These 11measured .. values 

were really evaluated from the existing direct measurements. The 

measur-ements of the thermal capture cross section are summarized in 

Table XV, taken from the article of Hunt, Robertson, and Ryves. 018 

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

scattering amplitude of (0.84 ~ 0.01) lo-12 cm, a value in agreement with 
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Table XII. Contributions to the Smooth Scattering and Capture Cross Sections 

1. Picket fences of uniform levels extending from -oo toE-= -20 eV and from 
E+ = 4512 eV to +oo, with level spacing D = 24.8 eV, reduced neutron width 

r~ = 2.88 mV and capture width ry = 23.5 mV. The contributions to the 
scattering and capture cr-oss sections are approximated~~ (see Ref. Dll): 

where FGN = .557 and. FGC = .827 are adjustment factors discussed in the 
9 -1 1\ . 12 text, k

0 
= 2.1875.10 em in the neutron wave number at 1 eV, a= .944 X 10- em 

is the effective scattering radius, and nr~ 
cs = -

2
-·- = 77.3 barn. 

k0 D 
2. Levels with energies between 4040 and 4512 eV, parameters given in Table XI. 

3. Below 1 eV, levels of File 2, including an assumed bound level E
0 

=- 20 eV, 

r~ = .287 mV, r • 2J.!:i mV; dull an outs1de level .:~tEn_·= 4040 eV, fir5t level . y 

given in Table XI. 

4. Unresolve.Q __ ~:.wave above ... J.JeV: 1000,<E<l340 eV cr~r (E-1000)· .3994mb 

,.. 

.. 
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Table XIII. Computed and Measured Cross Sections at .0253 eV 

cr(n,y) cr(n,n) at 
b. b. b. 

l. Picket Fences Contribution .295 l. 741 2.036 

2. Resolved Levels of File 2 (includes 
potential scattering) 2.405 7.198 9.603 

3. Levels with Energies Between 4040 
and 4512 eV 0 -.038 -.038 

Total 2.700 8.901 11.601 

Evaluated from direct measurements 
(from Ref. C2 and Table XIV) 2.70+.02 8.90+.16 11. 60+. 16 

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

Computed Scattering Cross Section (see Table XIII) 

• [ 41Ta J l/2 Corresponding Sea tteri ng l_ength: acoh 

Direct Measurements: (in lo- 12 em) 

Atoji (1961) 
Roof et al. (1962) 
Wi 11 is ( 1963) 

8.901 b. 

. 842 x 10-·12 em 

.851+.022 
.84+.02 

.850+.006 
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Table xv.. Measurements of the 238u Thermal Capture Cross Section 

Reference 

Harris, Rose, and 
Schroeder (1954) 

Egelstaff (1954) 

Crocker ( 1955) 

Small (1955) 

Cocking and 
Egelstaff {1955) 

cr(n,y) 
(barn) 

2.71+0.05 

2. 8+0.10 

2. 72+0. 10 

2.72+0.06 

2.69+0.04 

Egelstaff and Hall 2.69+0.04 
( 1955) 

Palevsky (1955) 2.73~0.07 

Bingham, Durham, and 2. 721+0.016 
Ungrin (1968) 

Hunt et !}_. (1969) 2.69+0.03 

Methods and Comments 

Keact1v1ty llll::ldSUI'ell)f!nt~ in CP3 using a 
s;;~tnple of very low 238U content. · Cd 
ratio measurements by activat1on to 
correct·for resonance absorption. 

Kevised using oA(B) • 757.7 b at 
2200 m/sec for the standard. 

Transmission measurements with a 
slow neutron chopper. Sample of 
very low 235U content was used. 

Activation in a thermal spectrum with 
a0[Au] = 98.8 b, Corrected for 
f1ssion activity by Ryves (1959). 

Local oscillator in well moderated 
spectrum. Measurements with natural 
and depleted uranium. 

Revisen assuming aA(MnS04) = 13.73 b. 

Transmission measurements using co 1 d 
neutrons from a Bi filter extrapolated 
to 2200 m/sec. Sample was of a very 
low 235U content. 

Transmission measurements at long 
wavelengths with slow neutron chopper. 

Sample was of very low 235U content. 

TransmiSs1on lllt!asur'einents at long 
wavelengths with slow neutron chopper. 

Sample was of natural uranium. 

Relative to thermal fission cross 
section of 23 5U. 

Activatfon in a thermal spectrum c:O,OOS% 
23su. 
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the results of three neutron diffraction measurements. 019 The potential 

scattering cross section corresponds to an effective scattering radius 
-12 of .944 x 10 em 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 levels 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 slope decreases, 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 Weigmann825 

from which many of the evaluated p-wave levels were 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 calculation 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 

captut·e cross section in Fi 1 e 3. 

From 1 to 4000 eV the subthres·hold 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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1.5 

-> 1.0 (1) -
g· r~= CONST + 3.12·10-4 E 

-c: 
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0' 
w 

0.5 

~9·r~= 5.79·10-4 E 

0 ~----------~----------~----------~----------~ 
0 3 

NElJTRON ENERGY (kP.V) 

. . 

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. 

4 

,. 
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Table XVI. Missed p-Wave Capture Above 1 keV 

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

(since for p-wave rn << ry and hence r~ ry) 

Using the definiti~n of the p-wave strength function: 

51::, <grn1>= (kR) 2 

301 l+(kR)~ 

we obtain: 

<gfn:> ~=1 .El/2 
301 

~nyCQ-=1}):::: 6iR
2s1 E112, since (kR) 2 << 1 

(wher~ R = .84 X lo-12 em is the nuclear radius) 

From Fig. 7 we see that below 1 keV s1 = 1.93 X 10-4 , above 

1 "" -4 1.34 keV S = 1.04 10 , so that the missed p-wave capture 

above 1.34 keV is: 

(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 the first few s-wave levels~' and there are strong indicil

tions, as discussed above, that the loca1 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 evaluations.BlB,B29 
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Table XVI I. The 238u Thermal Fission Cross Section 

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

Eo(eV) rn(mV) r f(l0·-9ev) ocr( a) (Jlb) 
f 

6,672 1 • 5, 0 10o33 0,5599 
20.~6 .\ 0. 12 59,95 lo260 
J6o67 33.9\ 8.877 0,1526 
66.01 24e6l 5lo48 0,1477 
80,73 t,907 66.15 o,e&92E•02 
102.5 71,64 12.25 o,J405E"•Ot 
189.6 167o0 47.72 Oo6645E•01 
208.5 49,&0 88o09 ·0,2873.E•Ol 
237.3 ,?f),4~ 60,03 0,7564f•02 
347,8 ~1.73 2f;)7,6 0 0 4002E•O! 
J71;,9 lol48 205o4 0, 3529E·•OJ · 
463, t 5,494 1474 •. 0 o 7243E"!'O·C' 
478,4 4 ol 88 240o9 o,eJt9e•oJ 
Slf'o3 49,60 292o6 .Oo9795E•O~ 
535.3 44,28 36-7.0 Ool012E•01 
595,0 ~111.41 to9ca, Oo4'539f.•Ol. 
f)\9,9 30,76 214,7 Oe2849E•02 
7o~.J 2'. 79 o.2"i&4E 05 0,1727 
72l.f; l. ·720 Ool096E 07 Oo556J 
7Jt)ol (1,9341 0,926\E 05 Oo2479E•Ol 
765,\ 7o767 5945. 0,1177E•Ol 
est.o 62,91 1215o 0, 149Jf.•O I 
85bol 86,17 1 107, 0 0 1.836E•Ol 
I t 40 o .?33,1 t~95o O,J497E•Ot 
,.~~. 87,71 Ool\7lf:: 05 Oo909JE•OI 
t 21 I o 9ot93 Oo27J4E 06 Oo2033 
!2~7. 29o17 4282. Oo9023~•02. 

Total contribution of levels with energies between 1 and 4000 eV 

E~timatcd contribution of bound level~ and level~. above 4000 eV 

3.52 pb 

.1 • 76 )lb 

5.28 iJb Total thermal fission cross section 

Silbert and Bergen 

Slovacek et·al.* 

*Contribution from positive energy levels only.· 

(a) oaf = 4127550. 
rnrf 

E 5/2 
0 

in barns 

. 3 .:.. 5 )lb . 

2. 7 + . 3 )lb 
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5. FINE ADJUSTMENTS TO THE PARAMETERS AND SMOOTH BACKGROUNDS 

In Sections 3 and 4 we have described the evaluation 6f 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 Lllit..:k ~dln~lt= ur 2J8u ami or h·igli re~alutian captw·e data. The 

thick sample transmission experiments were done.by Olsen et al .831 

with a sample of .175 at/b, both on flight paths of 40 m and 150m. 

The capture data were taken by deSaussure et al.D20 on a 40-m f]ight 

path. 

The fine adjustments consisted mostly in small changes in the 

scattertng cross section background (File 3) near the boundaries 

of the reso 1 ved range, and in ·the remova 1 or addition of very sma 11 

levels. A few levels which had been reported by only one set of 

experimenters and which could not be observed--neither in the thick 

sample transmission measurement nor in the capture data--were re-

moved from the file. A few levels ~hich had not been 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 dilute capture cross section was integrated over 

100-eV-wide intervals below 1-keV- and over 1-keV-wide intervals above 

1 keV. The contributions of the s-wave levels, p-wave levels, and 

11 missed 11 p-wave levels are listed separately in Table XVI"II where 

they are compared with direct measurements of the infinitely dilute 

capture. 020-22 The com~uted values given in Table XVIII were obtained 

analytically using the relation: 

f 2 r . r . 
q 7T YJ · nJ 

a y j dE .=: .Lg -"-:k 2..-----,E~. """"'r,;-:.~ 
OJ J 0 

-· ( 8) 

th . 
for the contribution of the j-- level to the capture cross section, 

where k
0 

= 2.1875 x 109 cm-1 is the reduced wave number at 1 eV; the 

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 Eoj' this assumes that the effects of 

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 t~ File 3. 

Above 1 keV the capture eros~ section c-omputed from thi-s eval u

ation is consistent with that diiectly measured by Mo~on, 022 is 

about 8% lower than that measured by deSaussure et al., 020 and 13% 

higher than that obtained by F~iesenhahn e; al .021 Below 900 eV 

the computed cross section iS ~enerally 1ower than the direct meas

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



* Table XVIII. Computed and Measur~d Average Capture Cross Section 

Energy · Interva 1 Contribut~ons of::· Total .. ~ . Di rectty Measured Average Capture 
(eV) resolved unre.so lv.Ed ··Computed 

s-wave· p-wave p-wave ·Average Moxon . ~ri~~enhahn et al. deSaussure et al. 
I CaJ:ture · · 

0 - 100 I 4€. 5 .07 
·I· 

4E.6 
100 - 200 11.) .05 11.2 . H~. 72.:!:_.44 
200 - 300 ::.'.49 ~ 17 

.I 
8_.67 9.77+.30 

300 - 400 ~ .88. .08 .. ::::.96 3.40+.17 
400 - 500 !:.46 • 19 i 2.65 3.12+.15 
500 - 600 ~;83 • 13 I . 4.96 4.97+.13 5. 39+.17 

600 - 700 3.43 .18 3.61 . 3 .. 75:_. 11 4.02+.14 I ~ 

700 - 800 1.36 .· .39 
I 

l. 75 2.105+.08 2.1 0+.12 
. 0'1 

I, 800 -. 900 2.83 . 13 . 2.96 3.37+.10 3. 29.:!:_.12 
900 - 1000 4~ 10 . li4 I 4.24 3.64+.11 .4.54+.14 I 

' 1000 - 2000 i.62 .20 .·1 0 ,. "1.93 1 .97+.08 1 .70+.20 2.12+.09 
2000 - 3000 i.07 .. 22 .l9 I "1.47 1.48+.07 1 ~33+.13 1.56+.08 I 

3000 - 4000 .865 .195 .219 "1.28 1.23+.06 1~06+.08 1.31+.07 

*All 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. ·a to 11, the capture probability measured by deSaussure 

et a1. 020 is compared with a Monte-Carlo calculation based on this 

evaluation. 
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Fig. 8. Comparison of the measured and computed capture 
probabilities for a 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 
the resonance parameters of this evaluation. Note that the 

1 

ordinate is linear from -10 to +10 barn x eV~ and logarithmic 
1 above 10 barn x eV~. 
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Fig. 9. Comparison of the measured and computed capture 
probabilities for a 238u sample of .0028 atoms/barn and for 
incirlent neutron energie~ from 1 to? keV. The ordinate is 
the probabi 1 ity 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 

1. 
logarithmic above 10 barn X eV~. 
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probabilities for a 238u sample of .0028 atoms/barn and for 
incident neutron energies from 2 to 3 keV. ThP. 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 
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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 linear from -10 to +10 barn x eV~ and 
logarithmic above 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 63 statistical test, 08 for the s-wave levels in the in

terval 0 to 4000 eV. The mean squr~r~;~ d~;~vii:l l: ion 11 3 for l:hl:' ':'~-'111.1~-''H ' f-1 

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

L 

63 - 2 ~ f [ N(E)-AE-B J 2 oE (9) 
-L 

with ( 63) = --} ( 1 n ( n)-. 0686) and va r ( 63 ) = • 012 
7T 

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 63 = .606; n = 162 and < 63> = .509. 

Hence the computed value of 63 is within one standard deviation 

of the most probable value ( 63 ) 

The averaae s-wave level sracina 0° can hPst hP nht~inPrl 

from the Dyson and Metha linear statistics W:D8 

II 

W = ~ [ 1- ( ~) 2 ] ~ with ( W ) = 7T~ and va r < W ) = 1/2 ( 10) 
J=l 2D 

which yields a value D0 = 24.78 + .14 eV . Of course, the error 

estimate is the 11 Sampling error 11 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 5pacing 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. 

0 . 
The value of D obtained in this evaluation is larger than 

the 20.8 eV given by Rahn et a1. 820 and the 21.05 eV of ENDF/B

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

been .assumed tu I.Jt! s-wave by Rahn et al., and by the evalu-

ator of ENDF/B-JV h~ve since been shown to be more likely p-wave, 

by the work of Corvi, Rohr and Weigmann. 825 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 ~1. 

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

spacings is compared with a Wigner distribution for one population. 023 

- 'IT 2 
'IT 4 X 

P(x) ;;: 
2 

x e ( 11 ) 

where x is the ratio of the spacingS to the averayt! spacing D0 . 

The agreement between the observed distribution and the Wigner 

distribution is good, except that one large spacing is observed 

with a value of x between 3.8 and 4.0. The probability to observe 

a spacing in this range, with 161 spacings, is only 1.4Xl0-~. 

The spacing is that between the s-wave levels 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 1.386.1 eV .•. 

W . 825 
have been shown to be likely p-waves by Corvi, Rohr, and e1gmann. 
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Fig. 13.· Nearest neighbor spacing distribution of s-wave levels. The observed distribution 
(solid line) is compared with a Wigner distribution for one population (dashed line). 
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The remaining levels have neutron widths smaller than .6 mV hence 

are very unlikely to be s-w~ve l.evels. 815. If a level had been 

added at 1360.7 eV, the computed value of ~3 , equation (9), would 

have become .650 for a most probable value ( ~3 >= .509 and a 

standard deviation of .1095. 

Figure 14 shows the cumulative sum of the s-wave reduced neutron 

widths versus energy. The slope of the curve determines the s-wave 

strength function~ The c~mulative sum of reduced widths does not 

behave very linearly with respect to energy so that th~ "local 

strength function 11 varies considerably from one energy region to 

another. This variation of the local strength function. with energy 

has already been observed by Carrara and Kolar, 817 Rahn et a1. 820 

and by McCrosson.Cl In Table XIX we give a few.recent determinations 

of the s-wave strength function, S0
• Above 1 keV the values obtained 

in this-evaluation are approximately 10% h1g~er than thus~ of ENDF/8-

IV because ENDF/8-IV is mostly based on the measurements of Rahn et 

a l. 820 whereas the more recent .measurements of Nakajima et a 1 . , 826 

Poortmans et al.B32 and Olsen et al.BJl all yield values of rn 

somewhat larger, on the average, than those of Rahn et al. as in-

dicated in Table VI. 

In Fig. 15 the integral distribution of s-wave reduced neutron 

widths: 

00 00 

P(x) 1 i N(Z) dZ with NT = J 
0 

N(Z) dZ ( 12) - NT 

.. 

,, 
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Table XIX. Comparison of s-Wave Strength Functions 

(All values are multiplied by 104) 

Energy Ca rraro ( 1) Rahn(l) Olsen(l) Poortmans(l) This 
Interval and Kolar et al. et al. et al. ENDF/B-IV Evaluation 

(keV) 

0- . 5 ( l. 02) ( 2) 1.065 1. 001 .992 1. 014 1 .006 
. 5-l 1. 041 .996 1.009 .996 .997 1.004 
1-l. 5 .924 .894 .932 .927 .861 . 927• 

l. 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 l. 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 a~signed to s-wave in the present 
evaluation. 

(2) Carrara and Kolar do not report neutron widths for the first three s-wave · 
levels. The values of this evaluation were used for these three levels 
in computing the strength function. 
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Fig. 15. Integral distributi.on of s-wave reduced neutron widths. 
The observed distribution i.s represented by the dashed line.· The solid 
lines correspond to x2 distribution laws with 1 and 2 degrees of free
dom respectively. The observed distrib~tion seems to·agree better with 
the v=l distribution law (Porter-Thomas Distribution). 
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rna 
where Z =<rna)' is compared to integral distributions corresponding 

to x2 distribution laws024 with v = 1 and v = 2 

( 13) 

The observed distribution seems in better agreement with the 

distribution corresponding 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 r = 23.5 mV y 

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 <r 2>- <r >2 
y y 

of 4-.61 nN2. 

B: P-wave Levels 

Figure 16 is a histogram of the cumulative number of p-wave 

levels 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 

ft·acti on of sma 11 1 evel s are not detected~ s i nee the energy reso .. 

lution deteriorates with increasing energy. 

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

0 to 800 eV as o1 = 8.91 + .1 eV. The error is the sampling error 
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Fig. 16. Histogram of the ~umulative numb~r 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 00/3= 

8.3 eV which would be expected if the density of-states were 

proportional to 2J + 1 and independentof parity where J is 

the spin of the state. 815 

In Fig. 17 the nearest neighbor spacings distribution of p-wave 

levels below 000 eV is compar·etl Lu d Wiym:!r· tlisLr·ii.JuLion for· Lwo 

populations with a ratio of level densities p = 2. 

2 
P ( P 'x) = P s { r 1 ' r 2 ' x) + P s ( r 2' r 1 ' x) + ~ 

with: 

= __f?_ 

l+p ' 

1 
l+p 

-'IT 2 p2+1 
e 4 x TP+f)2 

( 14) 

( 15) 

lhe distribution law {14) has been discussed by Gurevit~h and 

-Pevzner025 ~nd Harvey and Hughes. 026 .. P-wave neutrons may form 239u 
states with J.= ~/2 and J = 3/2; if the density of states is pro

pot'ti ona 1 to 2J + 1 t the rat i u p uf the two popul at1 ons 1 s 2. The 

~greement between.the observed and expected .ne~rest neighbors distri

butiOh$ is ~onsidered· reaionable. 

··The cumulative sum of the p-wave reduced rieutron widths is 

shown in Fig. 7. If all the p-wave levels were detected experi

mentally, the p-wave strength function would be proportional to 

the 11 Slope 11 of the histogram shown in Fig. 7. This slope is 

approximately 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 

level.s are missed above 1500 eV, because of the increasingly 

poorer resolution of the time-of-flight measurements and because 

the measurements of Corvi, Rohr and Weigmann825 from which many 

of the evaluated p-wave levels were obtained, extends only to 

1550 eV. 

The p-wave strength funct~on was evaluated from the slope of 

the histogram of Fig. 7 below 1500 eV as: 
N 

r n 
I: g E

0
3/2 

sl = l (N-1) 1 n=l = ( 1. 93 .:!:_ • 5) X 1 0-4 ( 16) 3 N (koR)2 E 
0 

(.N ) -E 
0 

( 1 ) 

where k
0 

is the reduced wave number at 1 eV, previously defined 

and where R = .84 x lo-12 em is the channel radius. The uncertainty 

in the strength function was est·imated from the variations in the 

slope of the histogram of Fig. 7. The value of s1 obtained here 

i~ consistent with ENDF/B-IV hP.low 500 eV (1.89 x 10-4) and with 

the values given by Rahn et al. 820 (1.4 x 10-4) and by Co.rvi et 

a1. 825 (2.3 ~:~X 10-4). 

ThP. ~vP.r~ge p-wave reduced neutron width can be obtained as: 

< gr 1 > "" 3 D 1 s 1 = 5. 2 + 1 . 4 mV n (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. 
+1.11 

(5.42 - .86 mV). The value corresponds to an average p-wave 

reduced neutron width of 5.2 mV for the J = l/2 states and of 

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

Z = gr11 ( gr1) is compared to integral distributions corresponding n n . 

to X2 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 = 

(Porter-Thomas) distribution for gr~, as predicted by Bollinger 

and Thomas. 815 In Table XX we summarize the values obtained for 

.the s-wave and p-wave average resonance parameters . 



66 

5 

2 

10-1 

5 

- -, /OBSERVED 
~ " " 2 ' loc 

Q.. 

10-2 

5 

2 

5 .__~.......__.~---1-----1..--~JI __ ___.J. __ --L. _ __......J 

0 2 3; 41 
X 0 = g rn I < g ~ > 

6 5 

Fig. 18. Intey'r-a'l distribution of the p-wave t·educed neutron 
widths below 800 eV. The solid lines correspond to x2 distribution 
laws with 1 and 2 degrees of freedom, respectively. The observed 
distrib~tion agrees better with the v=l distribution law (Porter
Thomas distribution). 

7 

(..! 



67 

Table XX. Average Resonance Parameters 
<j 

ENDF/B-I II ENDF/B-IV This Evaluation 

I. s-wave Levels 

Number of levels below 4 keV 199 190 162 

Average spacing 0° (eV) 20.1 . 21 .05 24.8+2 

Strength function s0 ·(X 104) 1.045 1 .062 1.168+.02 

Average neutron width < fn°> (mV) 2.090 2.224 2.88+.24 

I I.. p-wave Levels 

Number of levels below 4 keV · 258 220 280 

Average spacing o1 at low energy (eV) 8.91+.1 (a) 

Strength function s1 at low energy 
1. 89 (b) : (X 104) 1. 93±.. 5 (c) 

Average neutron width(grn1> (mV) i 5.2±.1.4 {a) 
i ., 

(a) below 800 eV I 

! )-:!'\ 

' (b) below 500 ev. i 
I 
I 

(c) below 1500 eV 
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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 perfonni ng the measurement, and presumably 

this 1s the method used to obtain thl:! t!rTur::, n~por·ted. 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 

Garget al.Bll and Carrara and Kolar.B17 It is interesting 

to note that of the 13 levels given, the neutron widths as given 

by Garget al. and by Carrara 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 dispersion 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 

,, r n(mV) 
Eo (eV) Garg et al. Carrara and Kolar 

3561 143+48 256+20 

3574 239+60 420+30 

3595 15.6+3 47.5+7 

3630 217+30 559+55 

3693 243+61 415+20 

3717 61+15 102+10 

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 11 Statistical 11 error o. of the jth parameter was obtained· 
J 

from the relation 

1 v 
J 

=2: 
k 

1 
~ 
jk 

(18) 

where the ojk arc 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. number of capture widths have not been 

measured and have been assigned a value of 23.5 mV. For these 

parameters no statistical error can be obtained, but a reasonable 

uncorrelated uncertainty for these capture widths is estimated to 

be + 2.35 mV. This corresponds to a x2 distribution with v=200 for 

the capture widths. 024 

The systematic relative error on the level energies is estimated 

to be: 

0 ~ = 2. 5 X 10-4 ( 19) 

and is, of course, fully correlated w1th respect tu energy. As was 

stated in Section 3B the level energies were aligned on the scale 

given by Olsen et a1. 831 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 recently 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. 05 
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Table XXII-a. s-Wave Resonance Parameters and Their Uncorrelated Standard 
Deviations 1 (All values in eV.) 

Eo oE
0 rn orn r or 

y y 

1 -2. CCCCCE c 1 c.o 1o284E-03 o.o 2o3SOE-02 0 .o 
2 6o6720CE cc 2o04E-04 1. 510E-03 1.soe-os 2o253E-02 6 o2SE-04 

.j ~ 2oC8f4CE c 1 2o04E-04 1. 012E-02 9o69E-05 2o307E-02 4 o52E- 04 
4 3ot:671CE Cl 2. 04E-04 3o391E-02 4o12E-04 2o292E-02 2 o76E- 04 
~ t:.t:01~CE C1 2. ~4E-04 2o46lE-02 3. 79E-04 2o369E-02 3 o40E- 04 
t: 8oC72<;CE C1 2.04E-04 1. 907E-03 4 • 19E-OS 2o417E-02 1 .1 ~E-03 
7 1o02!:3fE (2 2o04E-03 7ol64E-02 4o10E-04 2o44lE-02 3 o49E- 04 
8 1o1t:E74E (2 2. C4E-C3 2o754E-02 3o01E-04 2o267E-02 4o41E-04 
9 1.4~f3CE C2 2. C4E- C3 9o119E-04 1 o89E-OS 2o220E-02 3oSOE-03 

10 1. t:~c!:EE C2 2. C4E-03 3o400E-03 7 .3ae-os 2o336E-Oc 2oOlE-03 
11 1.e9tlt:E C2 2oC4E-Ol 1o670E-01 1o73E-03 2o:J05E-02 4 o87E-04 
12 2.0e474E C2 2 o04E-03 4o960E-02 7o85E-04 2o282E-02 4 o09E-04 
1.:? 2. 37342E- (2 2.04E-03 2. 648E-02 4o51E-04 2o475E-02 4 o67E-04 
14 2o73f21E C2 2. C4E-03 2.S<;JE-02 4 • l4E-04 2o27JE-02 s .ooe-o 4 
l!: 2o90<;t:1E C2 2 • C4E-03 lo 647E-02 3 .4SE-04 2o265E-O 2 5 o39E-04 
It lo 11281E C2 2. C4E-C3 1o026E-03 loOOE-05 2o350E-02 2o35E 00 
17 3o477!:1E C2 2.04E-03 8o173E-02 1o0SE-03 2o27SE-02 2 o89E-04 
18 3. 76E<;2E C2 2. C4E-03 1ol48E-03 2o40E-QS 2.3SOE-02 2o35E 00 
19 3.<;7!:83E C2 2. C4E-Ol 6o2SBE-03 lo42E-04 2o383E-02 3 o93E-03 
H 4.lC2C5E C2 2o04E-03 2o'l18E-02 3.02E-04 2o371E-02 5o27E-04 
2 1 4.~4C3fE C2 2. C4E-03 9o817E-03 1 • 83E-04 2o329E-02 5o68E-04 
22 4of:3138E C2 2 • 04E-03 s. 494E-03 1 • 48E-04 2o350E-02 lo20E-03 
23 4o7E!4CCE C2 2. 04E-C3 4 o188E-03 lo02E-04 2o351)E-02 2o35E 00 
24 5ol8334E C2 2. C4E-03 4. 960E-02 7.50E-04 2o359E-02 5 o02E-04 
~c 

"~ 5 • .:?527fE C2 2 • 04E-03 4o428E-02 7o41E-04 2o382E-O:.< .: .esE-04 
2f s.eCC82E C2 2oC4E-C3 4ol23E-02 7,92E-04 2o480E-02 4 .soe- C4 
27 5.<;!:C14E C2 2 • 04E-03 8o641E-02 1 • 32E-03 2o314E-02 2 o82E-04 
28 t:.19<;48E C2 2.C4E-03 3o076E-02 5o10E-04 2o332E-02 3 o78E-04 
29 6o2852<;E C2 2 • C 4E- CJ 6o249E-03 1o08E-04 2o3SOE-02 2o35E 00 
::c t:.t:1145E C2 2. C4E-03 1o2BOE-Ol 2o03E-1)3 2o537E-02 9.7;:E-04 
.:?1 t:. <;JC!:CE (2 2. C4E-03 4o222E--02 Bo38E-Q4 2o350E-02 4 .soe- C4 
32 7o08273E 02 2o04E-03 2o1 79E-02 5o89E-04 2o345E-02 5 o52E-04 
~3 7.2158t:E C2 4. cc;e-o3 1o720E-03 s.see-os 2o350E-02 2o35E 00 
34 7o30l47E C2 t:.12E-03 9o341E-04 4o76E-05 2o350E-02 2o35E 00 
~!: 7.t:5C55E C2 2o04E-03 7o767E-03 2 • 77E-04 1o700E-O:O: 2 .ooe-oJ 
3f 7,c;oe21e C2 4. oc;e-03 6o618E-03 1 • 23E-04 2o350E-02 2 o35E 00 
.:?7 8o2155<;E C2 2. 04E-03 6o549E-02 1o33E-03 2o272E-02 5o36E-04 
3e 8.soc;e6F. (2 2 • C4E-C3 6o291E-02 1 .46E-03 2o552E-02 7 .56E-04 
~c; 8o56C77E 02 2 • 04E-C3 8o617E-02 1 .9BE-03 2o355E-02 1 .3u::-o4 
40 8ot:642CE C2 4.cc;e-c3 s.sJ3E-OJ 2oOOE-04 2o350E-04: co35E 00 
41 c;.cso3tE C2 2. C4E-03 So457E-02 1 • OSE-('3 2 o461 E-O :0: 1 .25E-O 3 
42 9o2511CE 02 4 • C<;E-03 1. 360E-02 4o60E-04 2 .sooe-o 2 4oOOE-03 
4.:? 9o37C2CE C2 2. C4E-03 lo493E-01 2o21E-03 2o366E-02 5o78E-04 
44 9o5852CE C2 2. C4E-C3 2oC38E-01 3o21E-03 2o285E-02 7ol6E-04 
45 c;.c;tt3CE C2 2 • 04E-C3 3o773E-01 3. 7BE-03 2 o989E-O c lo36E-03 
4f loC22<;fE CJ t: .13E-03 Bo442E-03 3o35E-04 2o350E-02 2o35E 00 
47 1oC5445E (3 2oC4E-C3 9o393E-02 1 • QSE-03 2o311E-02 4o61E-04 
48 loC9Et2E: 03 4. cc;e-cJ 2ol95E-02 6.BJE-04 2o350E-02 2o12E-03 
49 1 • 1 oc; C EE C3 4 • C<;E-03 3o 361 E-02 e.sae-o4 2o400E-02 2 .ooe-o3 
sc 1. l4035E CJ 2 • C4E-03 2o331E-Ol 3o20E-03 2o382E-02 7 o21E-04 
51 lo16763E CJ 4, C<;E-03 Bo771E-02 2o32E-03 2 o410E-02 4 o79E-04 .. ~ -"' t.177C7E 03 4. C«;E-03 7o016E-02 lo84E-03 2 • 200E-O 2 1 o66E-03 
53 lo1<;481E C.:? 4. C<;E-03 9o486E-02 2o02E-03 2.040E-02 lo79E..-03 
54 1.21111E CJ t. I JE-03 9ol93E-03 2o80E-04 2o350E-02 2o35E 0') 
55 lo24!:0«':E C.:? 2.C4E-03 2o52lE-01 4olOE-03 2.2716-02 7 oiiJE-04 
St. 1.26l'C4E (3 ilo C<;E-03 ~.Yt7E-02 ? ~ 02E-04 2o402E-02 lo09E-03 
57 t.272<;7E C3 folJE-1)3 2o847E-02 8o26E-04 2o28BE-02 1 o09E-03 
58 1.2<;E62E C:! lo2:i:E-C2 3o576E-03 2.84E-04 2o350E-02 2o35E 00 
59 lo:!9.:?E!1F.: C3 4.Cc;E-03 2o075E-01 ~.66E-03 2.427E-02 7 .73F.-04 
60 lo4054JE C3 4oC9t-03 7.t98E-02 lo82E-03 2o552E-Oc 7o43E-04 
E 1 1.41<;HE C3 E .1 tE-03 9o361E-03 4 • 43E-04 2o350E-02 2o35E 00 
6:i: 1. 42EC1E C3 4oC9E-03 2 • 856E-02 8o95E-04 2 .ssse-o 2 9.49E-04 
t.:? t. 444C5E C3 f • 1 ~E- C3 1 o626E-02 6 o90E-Q4 2 o201)E-02 3 .OOE-OJ 
64 lo47:!82E C3 4.Cc;t::-03 lo223E-01 2.67E-03 2o387E-02 s .aae-o4 
t5 lo !:227CE C3 4. cc;e-o3 2o452E-Ol 4o24E-03 2o388E-04: lo47E-03 
«:t t.~:c!:c;F. C3 I o22E-02 3o 372E-03 2.73E-04 2o350E-02 2o35E 00 
67 lo !:t!:4SE C3 1. OcE-02 5o519E-03 3o20E-04 2. 3501;-0 2 2o3!5F 00 
68 1.!:c;7ec;e C3 4. cc;e-c3 3o747E-Ol 6o56E-fJ3 2o223E-02 6 o90E-04 
69 t. 622t 7E CJ 4. C<;E-C3 1o019E-01 2o65E-03 2o232E-02 6o82E-04 
70 lo63EC7E C3 4. cc;e-oJ s.ta3e-oz lo 56E-03 2o29BE-Oc 6o82E-04 
7 1 lof6245E C3 4 • C9E-03 2. 211 E-01 4e!;;8E-03 2o419E-02 7 o84E-04 
72 lofBS71iE C3 4o09E-03 lo053E-Ol 2o57E-03 2 o355E-O 2 6 o82E-04 
73 lo7C<;85E C3 4. C<;E-03 9o031E-02 2o61E-03 2.BOOE-02 5 .OCE-03 
74 lo722B<;;E c~ 6o13E-03 1 • 727E-02 7o71E-Q4 2o210E-02 2 .ooe-o3 
75 t.7558<;E C3 4 • C9E-03 1o365E-01 2o98E-03 2o700E-02 4 .OOE-03 
71! 1o7826<;E C3 4o C9E-03 6o532E-01 9o45E-03 2o3SOE-02 2o35E 00 
77 lo8084CE C3 8.17E-03 1 • 843E-02 9o15E-04 l • 700E-O 2 5 ,OOE-03 
78 lo84t1 CE C3 Eol7E-03 1o 060E-02 s.sse-o4 loSOOE-02 s .ooe-o3 
79 lo E676CE C3 e.3ee-o2 e. eo7E-04 4o4lE-04 2o350E-02 2o35E 00 
EO lo90283E C3 4 • C9E-03 4o438E-02 lo4lE-03 2o465E-Oc 9 o70E-04 
et 1 • 91 32 7E C3 lo43E-02 2o221E-03 3 • 07E-04 2o35QE,-02 2o35E 00 
82 1o<;171tE C3 4 • C<;E-03 3o975E-02 t. 56E-Q3 ?. •. ''1 3E-O 2 1 o44E-03 

For the fission widths, see Table XXII-b. 
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Table XXII-a. (Continued) 

Eo oE
0 rn ern r or y y 

E3 1.c;s:nee C3 1 • 43E- C2 4o192E-03 1o68E-04 2o350E-02 2o35E 00 
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Table XXI l-b. s-Wave Resonance Parameters and Their Uncorrelated 
Standard Deviations 

(All values in eV) 
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Table XXI I I. p-Wave Resonance Parameters and Their Uncorrelated 
Standard Deviation 

(All values in eV) 
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The systematic relative error on the neutron widths appears 

to increase linearly with energy and is app~oximately 4% at low 

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

that basis we estimate the systematic error to be: 

or nj E E -r--- = .03 + .04 j, with j in keV 
nj 

(20) 

This error is taken to be fully correlated over enerqy and amonq 

s- and p-wave levels. 

There is reasonable agreement among recent determinations of 

the average capture 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 

of the average capture width. 027 Hence, the uncertainty in the average 

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 among the data from independent 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 partial widths of a level reported 

by different authors, in spite of the fact that most measurements will 

yield strongly correlated values for these partial widths. This was 

attributed to the fact that most determinations of the partial widths 

are based on a number of experiments which have different internal 

correlations, and also the statistical uncertainties on the capture 

and fission widths are SIJffici~ntly largP ~s to ohscure possible. cor

relations. We 'conclude that the corre1ations between the evaluated 

values of different partial widths are not significant. 

The uncertainty in the scattering radius was estimated at 

+ .025 x 10-12 em from the scatter of the values reported in Table X. 

The uncertainties in the smooth backgrounds (File 3) were 

PStimated from the various ·approximations used in the computation 

of these backgrounds. The scatter{ ng background is estimated to have 

an uncertainty·of + 0.~ b.· correlated over all energi·es. The capture 

background is estimated to have an uncertainty of .:!:_.02 b correlated· 

-ove.r all:energies; and a second uncertainty of··+ (.0016E~) b, where 

E is the neutron energy in eV·, also correlated ·over all energies 

but not correlated to the first uncertainty. 'The second uncertainty 

arises from the possibility of missing small levels or overcompensatinq . ' . . - ' 

·for missed le.vels. The uncertainty in the subthreshold fission 

bac~ground below 1. eV is estimated to be+ 60%. The estimated 

systematic: errors ar.e summarized in Table XXIV. 
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. Table XXIV, .. Systematic Uncertpin;ties in the Evaluated Parameters _:; 

Th~·following systematic unceftainties are correi~ted over the range 
0 to 4 keV. Uncorrelated (statistical) uncertainties are given .in Tal:>les 
XXII and XXIII. See text for details. · ·.·· · ;. ·- ·:.= · ·~ · 

l. 

2. 

3. 

4. 

oE 
·Energy Scale: ___o 0.00025 ., 

Eo 

Neutron Widths: 
orn 

= 0.03 + 0.0004 Eo (for s- and 
rn 

or" f 0.05 for s-wave levels·· 
Capture Widths: _l 

ry .t 0. 2. 

orf 
Fission Widths: ff .= 0.2 

for p-wave -1 eveJ s 

5. Smooth Scattering Background: oon +·a. 2b 

6. Smooth Capture ·Background:. oa (l) 
y 

+ 0.02b 

' ,_ 

p-waves) 

7. Capture due to Unresolved Le:yels: oo/2) =. + .0016E112 in b. 

s.· ·Effective Scatterin~ Radius: o~ = + .025 X 10-12 em · 

. (in these expressions, the energy is assumed to be in eV) 

.,·( 
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9. CONCLUSIONS 

The present evaluation differs significantly in many respects from 

ENDF/B-IV. These differences result mostly from new measurements and 

new analyses of older measurements. 

The most signi·ficant changes, for computing performance parameters 

of thermal 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 rn•s obtained in this evaluation are on the average 

10 to 20% larger than those of ENDF/B-IV. This is because the ENDF/B-IV 
· · B20 

values were mostly based on the measurements of Rahn et al. whereas 

the new measurements of Nakajima et al., 826 Poortmans et al., 832 and 
Olsen et al., 831 as well as the older measurement of Carrara and Kolar817 

all yield values of rn larger than those given by Rahn et al. This is 

illustrated in Fig. 19 where the local s-wave strength funr.tinn 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 a1. 020 The 

different assignments in this evaluation mostly result from the work 

of Corvi, Rohr and W~igmann825 and from a systematic application of the 

~3 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. 

e 
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ORNL- DWG 77-12043 
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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 "negative· cross sections" and the systematic dis

crepancies between levels which were present in·ENDF/B-Iv. 011 

Finally the recent measurements of Slovacek et al . 829 and Difilippo 

et a1. 833 allow a .much better definition of the subthreshol~ fission 

than what was included in ENDF/B-IV. 

A number of problerns hav~ been encountP.rP.I'I in thiS-evaluation which 

point to the desirability of further work. 

There are systematic discrepancies, often of the order of 20%, 

among the various values reported for rn' particularly above 1.~ keV. 

These discrepancies are present even among the most recent measure

ments. In our opinion the discrepancies result from inadequate methods 

of a~alyzing t~ansmission m~asurements, particularly at hiqh ene~gy 

where backgrounds are difficult to estimate and where resolution broad-

ening is important and often asymmetric. 

Ribon°2 illustrates some oi the problems. 

The work of Derrien°3 and 

The most recent measurements (after. 1972) of the capture and neu

tron widths of the important first few s-wave levels are very consistent 

hut.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 measurements of the capture cross section and cal

cu~ations based on the evaluated resonance para~eters. Si~ce there 

• 

l1 
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are large discrepancies also among the various dir~ct measurements of 

capture~ we believe the computed values to b~ more reli~ble; 

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 11 thermal cross 

sections 11 are well determined by a number of independent measurements, 

but it is difficult to reconcile these• thermal values with any reason

able assumption concerning the bound levels~near the binding energy.· 

It is not unlikely that much of the therma-l capture is due to a small 

p-wave level near zero energy. If this were so the capture cross sec-

tion might not be inversely proportional to the velocity 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 eval~~tion. The evaluation of 

those uncertainties is based only on differential data. It would be 

desirable to test the evaluation against integral data such as perform

ance parameters from thermal benchmarks. In Table XXV the infinitely 

dilute capture resonance integral computed from ENDF/8-IV and from 

this evaluation are compared with the value reported by BNL-325C2 

and based on direct experimental measurements. 028 Both evaluated 

values agree well with the measurements. 

An early version of this evaluat·ion was used in a sens1t1v1ty 

analysis of the TRX-2 lattic parameters. 09 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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values of the ratio of epithermal-to-thermal 238u captures in TRX-2. 

This is consistent with the result of similar calculationsA
7 

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 sect ion 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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