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NEPRESTNTATION OF THE NEUTRON CROSS SECTIONS OF SEVERAL
FINTILS OAND FISSTLE NUCLET IN THE RESONANCE REGIONS

s2 Saussure and R. B. Perez
I. IWTRODUCTION

In tnis paper we discuss some problems related to the measurement,
e2valuation and reoresentatign of the neutron cross sections of the main
tertije and fissile nuclides in the rasolved and unresolved resonance
regions. We restrict our comments to the heavy nuclides most important for
m.Cizar reactor applications and we note here that the resonance structure
o7 Tight and medium weight nuclides used as moderatcrs, coolants or
structural materials has different characteristics and may require a dif-
ferent approacn.

For the purpose of organizing our review, we have subdivided our comments
around three main topics: (1) the resolved resonance barameters of the
fertile nuclides and their uncertainties, (2) the representation of the cross
sections of the fissile nuclides in the resolved resonance range, and (3)
the treatment of the unresolved resonance range.

In the past ten years or so, little progress has been made in improving
the accuracy of cur knowledge of the resolved resonance parameters of the
fertile nuclides. In our gpinion, this absence of progress is due to a lack
of adequate methodologies to assess and describe the systematic errors in
the resonance parameters resulting from uncertainties in the analysis of
the measurements, and to combine relevant information from several sources
into a single evaluation. We note recent promising developments in under-
standing and correcting these problems but we believe that much improvement
is still needad if the resolved resonance parameters of the fertile nuclides

are to be substantially ameliorated.



axamina the most recent US evaluation, ENDF/B-V, of the cross sections

iaeila s alides in the respolved resonance region. We find that whereas

t annmscantatian eanfarme to the recommended procedure, the 23°U and

zyrazanta=inag are inadeayate and inconsistent with present state of the
sro. e recommend that a now analysis of the resolved range of these two

iz~ ~~25 be nerformed.

15T af our comments are addressed to the ENDF/B treatment of the unresolved
resgnance range. We teel tnat this treatment is inadequate and inappropriate.
We recommend that the model used for the unresolved range be reexamined and that
©,"zvnate aescriptions be investigated. Most importantly we recommend that
_i:idation of the unresolved range evaluations with appropriate transmission
sn7 self-indicatian measurements.

It 10es without saying that none of our comments are meant as criticism
of ENDF/B-V evaluators: the evaluations were made under a number of practical
constraints whicihh explain many of the deficiencies. Rather we hope that some
2T our Observations may lead to a reexamination of some aspects of the eval-

4acion process and to improved future evaluations.

SWCERTAINTIES IN THE RESOLVED RESONANCE PARAMETERS OF THE FERTILE NUCLEI

A. Statistical and Systematic Errors

The resolved rescnance parameters of the fertile nuclides are usually
obtained by least-square shape analysis of time-of-flight transmission measure-
ments, often supplemented by shape or area analysis of capture, scattering
or self-indication experiments.'~“ 1t is not our purpose here to discuss the
measurement or analysis techniques which are described in several recent
books. »" Instead, we wish to emphasize one particular aspect of the analysis
which we think is important and has perhaps not been properly addressed: the

estimation, representation, and utilization of systematic uncertainties.



apimantare aften distinauish between statistical and systematic errors.

“imaenc-f1oht mzgyvrement the statistical error in each channel can be
STatoes Sea orendea=favaapd aav Feom the number of avents observed in that
a2l Thig aerves= Y5 uncorrelated from one channel to the next and can

puy] 1

usially 2asily he orenanated throuch the d3%a anaiysis to a “"stacisticar error
27 <~w resonance parameters. The statistical errors of the resonance parameters
are. or course, aenerally correlated through the constraints of the model used
in the analysis.

Systematic errors, on the other hand, arise in the interpretation and
inaivsis of the experiment: before resonance parameters, or even transmission
ratios. can be extracted from the measurements, several inferences must be
made about the shape and magnitude of backgrounds, the response of detectors,
the homogeneity of transmission samples, and so on. Uncertainties in these
inferences result in systematic errors that are often difficult to evaluate
and tnat have complicated correlation patterns.

Modern neutron time-of-flight spectrometers have such high intensities
that in many experiments the statistical errors can practically be made
arbitrarily small by extending the duration of the measurement. Hence the
dominating uncertainty in the resonance parameters of the fertile nuclides
is usually the systematic error. Yet most of our methodologies for resonance
analysis, for reporting experimental data, and for evaluation are designed
for uncorrelated statistical errors.

Many resonance analysis codes cannot properly handle systematic errors;
often the coue reads or computes an uncorrelated error for each datum, which
is used to determine a "weight" for the datum. On the basis of these
weights and of some ccnsistency criterion between the model and the data, the

program generates errors for the resonance parameters. These errors do not



include oroverly the systematic uncertainties.’”™® Experimentalists rarely
Tga “nformation on the correlations between errors and several evaluations
- -2 ssaenapge narameiers af the fartile nuclides are essentially weighted
220 La:ues of nublished narameters, with the weights derived from the
. 10=1"

Ao, isned errors. sV

©» believe that, at present, there is no clear, accepted, and practical
aoproach to estimate and report systematic errors and their correlations and

to combine data from different parameters. This situation inhibits the

improvement of the data. We shall not illustrate these observations with a

couple of examples.

3. Comparisons of Resonance Parameters

1. The importance of systematic errors has 1ong been recognized by
experimenters, <15 evaluators and data users.1®6-1% 1In particular, to
illustrate the effect of the method of anaiysis on the values obtained for the
resonance parameters, Derrien, Ribon, and L'Heriteau have reanalyzed several
transmission experiments.<972% An example of this work is shown on Table I,
where values of the neutron widths of several 238U resonances are compared.

The values of Carraro and Kolar< given in the fourth column were determined
using the area analysis program of Atta and Harvey.’ The errors given include
statistical errors and several systematic errors arising from the uncertainty

in the transmission sample thicknesses and from several hypotheses used in the
resonance analysis.”? The values in the second cnlumn were obtained by Derrien
and Ribon+' by reanalyzing part of the measurements of Carraro and ¥olar using
the Saclay shape-analysis program. Derrien and Ribon do not characterize the
error given in that column, but presumably it is the statistical error generated
by their program. Similarly, the last cclumn contains the values obtained by

Rahn .z :..! from their measurements, using a combination of area and shape



caidsie oothodss tha 2vrgrs in that column are not clearly characterized by

T . Tonognied o3Tnmn Tists values obtained by Saclay using shape
(it T3 2nd mars s ke teapsmission deta of Rahn 2~ 7. From an inspection
wa cna +mas. JTY faa game data analyzed by two different methods

iaia sianificantlv 4ifferent values for the parameters, (2) the Saclay
zsgnance analvsis aonlied to two different sets of data again yields sig-
Sntly diffarent narameter values; this in spite of the fact that the
aiaiysis program "readjusts” the background in each experiment, (3) it is
difficult to give an objective and meaningful interpretation to the errors
quoted in each column except that in general these errors are smaller than
eithar the differences between two analyses of the same experiment, or between
the same analysis of two sets of data.
2. In Table II values of the neutron and capture widths of the first
four large levels of -*2Th are compared. The results of the three latest
iasurements are iisted in columns 2, 3, and 4; the last two columns
> =02 yalues of ENDF/B-1V<" and ENDF/B-V2> respectively. We were un-
able to determine from the publication of Rahn ot al.,! whether the errors
given were statistical, systematic or a combination of both. Chrien
¢ ul.,” repert statistical uncertainties for one of the measurements used
in deriving the parameters; these are shown in parenthesis in column 3.
The other error is said to "include all statistical and estimated systematic
uncertainties.” The errors reported by Olsen =t al.," are statistical
uncertainties muitiplied by three, because it has been these authors ex-
perience "that in order to obtain overlapping parameters with errors from
separate fits te the various sample thicknesses or from different transmission
neasurenents requires increasing the least-squares parameter covariance
matrix uncertainties by a factor of two co four.” It is not clear that the
latest evaluation, ENDF/B-V, is more consistent with recent data than the

ENDF/B-1V evaluation which, for 232Th, was completed more than 15 years ago!



i warticular 7% i+ aoteworthy that the values of the latest measurement,

. navar averlap within quoted errors either ENDF/B-V or

2. Recommendations

= -ae evaluations of the resolved resonance parameters of the fertile

e

s are to improve sianificantly, better methods will be needed to
Zuloaate, describe, and use systematic errors and their correlations. We
realize that this recommendation is easier to formulate than to implement:
a1 - «l., for instance, reported more than 700 232Th and more than 600
221 resgnance parameters. The covariance matrix for these 1300 parameters
would consist of more than 800,000 independent entries! Methods must be
developed to estimate and describe the essential features of the covariance
matrix in a concise form.

In recent years a much greater awareness has evolved of the need for
a more compliete description of errors and their correlations.12-13 larson
and Perey<® have written a computer model for resonance analysis using
Bayes' Equations where covariance matrices are explicitly used, but this
program has not yet been implemented for the fertile nuclides. Finally the
methodology to include covariance matrices to sensitivity calculations is
being extended to handle resonance parameters so that the recommended im-

provements may be forthcoming.>7-2®

ITI. RESONANCE AHALYSIS OF THE CROSS SECTIONS OF FISSILE NUCLIDES

A. The Goals of Resonance Analysis

The main goals of the resonance analysis of the cross sections of the

fissile nuclides are:



shtaia TTarmation on the statistical distribution of the

~io otz taramanars . Thig in“grmation is helpful in determining the basic
- »F sha Fiscdies swnpeags and in predicting the structure of the cross
: « =ha ~easolyed resonance region.  These applications of resonance

analvsis have been extensively discussed in the literature.®,29,30

Tne representation of the low-energy cress sections by an appropriate
resonance formalism nermits the simultaneous analysis of several partial and
total cross-section measurements done at different temperatures under dif-
ferent energy resolution conditions. The use of a unitary formalism insures
consistancy in the line shapes of the total and partial cross sections.3!

A good resonance formalism allows the concise and precise representation
of the details of the complicated resonance structure of the cross sections.
This results in an appreciable economy in data storage and data processing.>2

4. Finally, the resonance parameterization is very convenient for the

calculation of Doppler broadened cross sections and of resomance self-protection.
‘lethods have been developed for the rapid calculation of Doppler broadened

"line shapes" and for the calculation of self-shielded resonance integrals.33-36

B. {lon-Uniqueness of the Resonance Analysis of the Fissile Huclides

Several aspects of the analysis of the cross sections of the fissile
nuclides makes the interpretation of the resonance parameters somewhat
ambiguous:

1. It is well known that the single-Tevel Breit-Wigner resonance formula
is a poor approximation for the fissile nuclides, even at Tow energy. A
multi-level formalism is required to describe the interferences in the fission
channels, which produce asymmetries in the resonance shapes.

2. The natural widths of the resonances of the fissile nuclides are com-
parable to the level spacings, so that even at low energy some resonances over-

lap.



© i oant lvays possible to determine whether a/resonance assymmetry
g Citocz conToeaw Soterfarence gr by a small level in the wing of a
s w2 77 Tieaianaous aralysis of fission and capture measurements per-
3o o maomseature mav nalo resclve such ambiguﬁties.
The bound levels contribute appreciably to/the low-energy cross
,
sectinns. However, the precise position and strength of these levels are not
de-7.24 uniquely by the dat;.39
5. ilost measurements do not separate the contributions of the two-level
sequences carresponding to the two possible values of the total angular
-omentum. Among the fissile nuclides, only for 233U have measurements of
zoiarization been done over a wide energy range.397%i
4. o practical method has been found yet to separate the contributions
of the different fission channels which make up the total fission cross
section.
In spite of the difficulties mentioned above, multilevel resonance analysis
of the cross sections of the fissile nuclides have been performed which yield
cross-section curves in excellent agreement with the measurements. However,

the good agreement petwecn computed and measured cross sections does not ensure

the uniqueness of the parameters obtained: 1indeed, another interpretation

of the resonance Structure, or other assumptions concerning the bound levels
may lead to a significantly different set of parameters which represents the

measurements equally well, %<7

C. Multilevel Resonance Formalisms

Several multilevel formalisms are available to describe the cioss sections
of the fissile nuclides. The most frequently used are the Reich-Moore and
the Adler-Adler formalisms which are specializations of the general dispersion
theory of 4igner and Cisenbud.">™"7 Computer programs have been written

to analyze measurements with these formalisms and muitilevel resonance



7 havn Raga aaefavmed of the [oyw enerny Cross sections of all the

B e T A S

Tonomhes sdimanta Formatism for the resonance analysis of fissile
TetmTE o menToes cazquraments 15 the Reich-Moore formalism because it is
ur oeoand vields Pomatriy razonance parameters which are easier to interpre-
“n ° fn2 narameters used in *the Adler-Adler formulation. Furthermore the
“aan-tinore representation can readily be transformed into an equivalent

Adler-Adler representation, whereas the inverse process of converting Adler-
Adler parameters into equivalent Reich-Moore parameters is less straight
Torwara, 22 ov

ror describing the cross sections for practical applications the Adler-

.1 2r representation might be more convenient because it is particularly well

s.ited for the caiculation of Doppler broadened and self-shielded cross
sections, using the Voigt profiles and the generalized J-function.3%-36557
Pecently Froenner has demonstirated a new technique for the direct calculation
of Toppler broadened Reich-Moore cross sections which is as fast as the
Adler-adler calculation with Voigt profiles;>2 however, it is not clear that
the tecnnique can be used to obtain self-shielded resonance integrals with

the generaiized J-function approach.

thoF-Recommended Procedures and ENDF/B-V Evaluations

=~ Jignt of the preceding discussion, the recommendation of the
* zrocedures for the treatment of the fissile nuclides in the resolved
nte appears very reasonable: "the preferred formalism for evaluation
ourposes is the Peich-iMoore multilevel scheme, but it has less flexibility
than the Adler method and is therefore better able to distinguish between

various grades of experimental data. However, for the purpose of presentation

in ENDF/B, Reich-ioore evaluations must be converted to Adler format, since




N LA Ayt R dhe

- use nf v oand -functions for Doppler broadening,
~ttnmea zonams raquires kernel methods. 't ?

symmanda=ian wiag “nllnwed in the ENDF/R-V evatiuation of 293y

©oroz o ceznived reconance region of this material is represented
oy =guivalient Adler-Adler parameters obtained from the Reich-Moore resonance
iniivais of Pevnolds and Stieqlitz.®! The parameters give an accurate

sanyosentation of the data. so that the "File 3" contribution of this material
is identically zero over the resonance region.

Unfortunately the ENDF/B procedures recommendation was ignored in the
cvaiuations of <25 and <33Pu, (MAT 1395 and MAT 1399, respective .)61262

“..7 a2 representations of the resolved resonance range of these two
isotones in ENDF/B-V do not meet any of the goals of resonance analysis as
definea in III. A., at the beginning of this section.

In 14T 1395, -23U, the resolved range extends from 1 to 82 eV and 1is
described by single-level Breit-liigner parameters for some 130 J=7/2 levels,
combinea witn a hignly structured File 2 consisting of more than 1300 energy
points: the File 3 contribution to the total cross section is illustrated
in Fig. 1.

As may be seen on Fig. 1, the "smooth background" File 3 i5 anything
but smooth and the structure should not be ignored in Dopplier broadening
or in self-shielding calzulations. The formalism used to describe part of
the cross sections is not unitary so that the consistency in the line shape
of the resonances is not insured. Furthermore, the J-value assignments are
abviously incorrect.

lany man-years of efforts have been expended to determine the spin of
tie ievels of -7 U, to develop appropriate multilevel formalisms and data
analysis computer programs and to perform high quality resonance analyses of

the cross sections of - '°U and “27Pu. It seems surprising that all this



bag e Coancad feosha ENDT/B-Y representation of these two important
m-t - Satended *o define the best available represertation
ecocammt s edee s T D ma mad ip s gufor designs and data testina.
ooyt sma svalgation of Pu, AT 1399, also represented
a7 ciagle-tevel narameters,
CToseens aoproowiate>here to recummend that new ENDF/B-type evaluations
Y

= resnlvea ranges nf 2 and - 2D he perfrrmed,  incarcaeting 317 the

relevant information, and in particular the polarization data ror <33U,*:
and using the multilevel scheme recommended for fissile nuclei in the ENDF/B

TlIadures.,
CGIMENTS ON THE ENDF/B UNRESOLVED RESONANCE REGION FORMALISM

A.  Introduction

A considerable amount of effort has gone into improving processing
methoas for the unresgived resonance region but »robably less into validating
the rodei used to represent the cross sections in that region.

.t seems to us that the central question about the ENDF/B representation
of the unresolved resonance region is whether or not that representation leads
to a correct estimate of resonance self-shielding. Ultimately this question
should be answered by comparing computed self-shielding factors as a function
of energy, temperature, and dilution with values derived from self-indication
measurements or from other clean experiments. We know of no such tests per-
formed with ENDF/B-V. Admittediy there are few good self-indication and
Doppler effect measurements®3~70 and these are perhaps difficult to interpret,

but these difficulties will have to be addressed, or new measurements will

have to be done if the unresolved resanance model .s to be properly validated.”!



» oAt owic™ Taorramine 15 an example the ENDF/B-V 2338y, MAT 1393,7¢
ntomtamias ~F sen aqeacnluaed vesgnance ovr0ss Sections.  Qur commnents
Fhohe ~eitisal nd otha oyalyation ner se. or of the
one T T T cam LgtenTas THATL. L aencequres. wWe wish rather {g

= ~me nyestions about the moagel, 'hich we hope may lead to an imoroved
~~.2ntation of che unresolved resonance region and to Taprove future

cminns, i

We confine our description of MAT 13968 to the energy range 4 to 45 keV

to avoid complications associated with *the inelastic-scattering competitive

Jiztn. wnich are irreievant to our discussion. The low energy end of the

2o}

solved resonance region is also the region where resonance self-snhielding
2¥72cT5 are most important.’

In the next subsection we review the unresolved resgnance treatment of MAT
82 in the interval 4 to 5 xeV and we comment on the model. In subsection C
we report on a study of the influence of tne choice of unresolved resonance
sarlsecers on ihe calculation of self-shielding factors in =33U. In sub-
sec-ion U we report on another study where we have treated the <38U resolved
ranne trom 1 to 4 keV with exactly the same methodology used in the unresolved
range. We then compare the self-shielding factors computed "exactly" with the
resolved resonance parameters with those computed "statistically" with the
unresolved resonance formalism. Finally in subsection E we recommend the

investigation of other techniques to treaf the unresolved resonance region.

3. The MAT 398 Unresolved Resonance Region in the Interval 4 to 45 keV

Tne unresolved resonance parameters were generated on the basis of
criteria discussed ia File 1 of MAT 1398 and descrbed below:

Swverage resonance parameters are given for neutvon angular momenta =0,
! end 2. Since the %4 ground state has spin zero, the 23°U compound states

-2 formed with spin values J = [« + 1/2'.

[l



“re sha leyel spacinag 300,J), the reduced

’ 1

svo o =yre wirdth ©,)Y for each (:,J) series.

fmer distribution, the reduced

- : S et cieswdicoden and the cantyure widths ave zzken
siers. Tis suaeana vilie of all the narameters is taken to be
Sves tne fecseonl 4 otn d5015 keV {as given in Table [I1 except for
T N T DI Rt I VE. SV S -t I [P
T CThg 20410uaT2 dveude Jdelaro o02S5 seciion, “ny at these

12 ereraies. At these 19 energy points the value of T; {2=1, J=3/2) was
e . =i, .21 2. The 19 enerqies. the correspording values of

=177 anag of The computed average capture cross section are Yisted

~2»2 is net tneoretical or logical justification for such a model aithough
this model conforms to usual ENDF/B procedure. From the theoretical point of
view, there is no reason to expect the var-ation in the locally averaged cross
i»zzicn to ve due entirely to a variziion in the locally averaged <=1 reduced
HEUTYON wWldi”s.  There is no reason either to expect a small sample ot the
requced neutron widiths to have a Porter-Thomas distribution around their locally
averaged values.

The model is also logically inconsistent. By specifying average resonance
parameters and their distributions, we specify only the probability distribution

of the average cross sections, not the actual values. By fitting the local

radyced neutron widths to the locally average values of the capture cross section,

¢ the other hand, we imply that the most probable value of the average cross-
section is the actual value. Furthermore the magnitude nf the fluctuations of the
locally averaged capture cross section is determined by the width of the averaging
interva.s and there is no compelling rationale for selecting these widths. The

widths * the averaging intervals should probably be interpreted as being of



Seea - oremifade 3s the intervals between successive energy points
~ohms o ceameravg are detined: as can be seen from Table I1,

A o coeciqarac]e din maandtude.

o - = frercatingl GustiTicatiorn and bec2ise af these

s. the moael should be viewed at best as an ad hoc

Tnenngt Sfanecd

D

“arsrerarizaticn Af tha ayerane rcartyre cvasc sactisn.  Because of the way it
msoees=ed . the model will vebprnduce exactlv the evaluated iocally
- iloT o capture Cross sections but there is no reason to expect it to

crovide correct values of the seif-shielding factors, since the parameterization

nicue ana since no self-shielding information was utilized.

‘n"iuence of the Chcice of Unresolved Resonance Parameters

1 zue Zalcuiation of Self-Shielding Factors in <38y

<his svbsection we investigate now the self-shielding factors change
4nen the average s-wave and p-wave recuced neutron widths are modified so as

1o ¥£eD tne average capture cross section unchanged. We show that,

particuleriy at tne low enerqgy end of the unresolved resgnance region, the
Jncer-aintiles in average unresolved resonance parameters would lead to signi-
ficant uncertainties in the computed self-shielding factors even if the
average infinitely dilute capture cross section were known exactly.’"

For simplicity of notation we shall refer from now on to the average s-wave
reduced neutron width as GNO and to the average p-wave reduced neu*ron width
for J=1/2 as GNI. We shall also abide by the Version V choice that the average
p~wave reduced neutron width for J=3/2 is exactly half of GNI, although there
is no physical reason for this relation to hold for averages over a relatively
small numper of levels.

As stated in the previous subsection, the values of the unresolved resonance
paramaters of MAT 1398 below 45 keV were obtained by a fit to an evaluated

average capture cross section. Such a fit is not unique, since several sets



1. seanan narareters pay yield the same average capture cross-section.
© “ma aver3as resonance parameters were kept constant at the
TRt TTTL0 avcent for ANT which was adjusted in the fit.
~-- - . sreselved resonance region model described in the

cesi0ns tuosecTinn. we Interpret the average reduced neutron widths as local

LN N e=spay L1379 ~ouginly equai to the separation between successive

Ly

-5 at which thev are defined. For instance, as can be seen in Table IV
"o e L0 T keV tne resonance parameters are redefined every 250 eV. Hence,
the J=1/2 parameters which have a spacing of 20 eV are averaged over N=250/20=

C.. devels. Hence, the local averages have a "sampling error” which, for a
“orter-Thomas distribution, is GGNO/GNO=v2/N = .4. Hence, there is no reason
L0 expect tnhe average s-wave reduced neutron width to be constant from one
250-eV interval to the next and the fluctuations in the average capture cross
section to be due entirely to fluctuaticns in the average p-wave reduced
neutron widths.’*

Yie have varied the average s-wave reduced neutron width GNG over the
ranqe 1.26 to 2.95 meY (+40% of the ENDF/B-V value of 2.10 meV). For each
change in GNO we have searched for the correlated change in GNI which would
leave the average capture crecss section unchanged. For each correlated pair
of GNO-GNI values we have computed the infinitely dilute average total cross

section, <o,_> and the capture self-shielding factor fY for several dilution

t

cross sections o, and for several effective temperatures. We define here

] ) 76577
the capture self-shielding factor as




a3 i0e *aken aver the probatbiltity distribution of the resonance

L0 T e

St ama e Siad b TUREYT npgcedures.  The values of fY and w0y > were
sa3 nammeniTie s =anTla methnd 7777 ysing the computer code PAPIN, 80
Shwevssescdiac caan anepny 3F 4 ke, effertive temperatures of
T2h0 0 3% oand 2000°Y . and dilutions of 1, 10, and 100 b are shown in Table V.
Tie zrrors tiven on the table are absolute statistical errors from the Monte
oo alculations. however. since each calculation was done with the same

series of random numbers, the uncertainty in the ratio or difference of two
values show:: in the table is much smaller than implied by these errors.

© . .an be seen from Table V that tu different pairs of correlated values

S oand GNI, yieiding the same infinitely dilute average capture cross

szction, correspond different values of the computed capture self-shielding
factors. At 4 keV to the assumed =40% uncertainty in GNO and GNI corresponds
an uncertainty of =10. in fv for 300°K and for a dilution of 10b, and an
uncertainty of the same magnitude in the change in fY between 1000°K and 2000°K.
icte that since the infinitely dilute average capture cross section is the same
for all the correlated values of GNO and GNI, the self-shielded average capture
cross section is strictly proportional to fy. Note also that at 4 keV, the
changes in the correlated values of GNI corresponding to the +40% variation
in GNO are comparable to the changes in GNI with energy, specified by MAT 1398
and shown in Table IV.

It can also be seen from Table V that the correlated changes in GNO and
GNI induce changes in the computed infinitely dilute average total cross section

<g,> S0 that in principle a good knowledge of <o, > could reduce the uncertainty

t
in GNO and GNI. However o

t

£ is not a directly measured quantity; it must be
inferred from good resolution transmission measurements as a function of energy
and thickness, and it i< not clear that it can be obtained with sufficient

precision to reduce the uncertainty in GNO.



co2 Y ta sen cpyre self-shielding factors fy are very close to 1

FTomdse T than bor o nd for all temperatures above 300°K so that
Tion e =S f swe nar sengitive t0 the choice of GNO and GNI.
TosiTonden S esTavant Sere Mgppler effect caleulations is
w2 i S yiin zemperature, and this quantity is quite sensitive tn

“he L1rioa of wmresolved resonance parameters.  This is illustrated in Table

2 LT TAZ 0MPJLe¢ Cnanges - Ll ang 5ol L at au
!
~¢.. Tor several dilutions and for several pairs of corrsjated vaiues of GNO

and GNI.

ine Unresglved Treatment of the Resoived Range for MAT 1398

As a test of the validity of the unresolved resonance region trea“ment of
VAT 1398, the exact same methodology was uscd over the energy range 1-4 keV
;12 1L gescrioed Dy resoived resonance parameters.

Theoranda i-g4 kay was divided into 13 intervals of approximately 250

e¥. The average capture Cross section <0, > for each interval was obteined as:
'
1 - 3
7 E gy lEidE 2]

.nere the integration is over the width AE of the interval, and onY(E)

5 computed from the resolved resonance parameters and the background File 3.
Using the values of the average resonance parameters given in Table III, ap-
propriate values of the average p-wave reduced neutron widths GNI were obtained
by fitting ~o > defined in (2). The capture self-shielding factors fY were
then obtained using Eq. (1) of the previous section. These values can be com-

pared to the corresponding values fY* computed by the resolved resonance

thodology: "®



s ma anerny denandant atngs sections are computed from the resolved resonance
sz results of this comoarison are presented in Table VIT. The first column

of the table gives the neutron energies for which the unresolved resonance para-
meters vere defined. The second column gives the limits of the energy interval
“E over which the capture cross section was averaged, see Eq. (2). The width of
these intervais were selected to correspond approximately to the corresponding
widtn of MAT 1398 in the range 4 toc 5 keV. The third column of Table VII gives
the average capture cross section, computed from Eq. (2); the fourth column gives
the reduced p-wave neutron width for J=1/2, GNI. The next 3 columns give the
alues 2f T fy, T fy*, and their ratio, respectively, for a dilution
:-=10b. The last 6 columns give the correspunding information for dilutions
~,=50b and 5,=100b. At the bottom of the ta: le the self-shielded cross sections
have been added over intervals of 1 keV and 3 keV, respectively.

For our purposes here, we view tne self-shielding factors fY computed with
actual resolved cross sections as correct. We see from Table VII that over
250-eV intervals the values of fY* obtained with the unresolved resonance
statistical model may differ appreciably from the values of fY{ for a dilution
of 10b the difference between fY* and fY exceeds 30% in 25% of the intervals.

For a dilution of 50b, it exceeds 20% again in 25 of the intervals.8! Of
course, when the self-shielded group cross sections are summed over wider
intervals of 1 keV or 3 keV, the differences between the resolved and unresolved
calculations become relatively less important; nevertheless even for intervals

of 1 keV differences of the order of 5% remain.



~sennns naericilarle noreworthy that over 1-keV intervals the

wacaraan s »adal annaarc t5 gyerastimate systematically the self-
Thet e smente taceion “7 %t can he assumed that from 4 to 10 keV
cransisc awa ~F whncmn s3opoag ia the ‘nterval 1 to 4 keV. then

ooz ety wonuld veduce the lonagstanding discrepancy between measured and

coomutsd values of the capture rate in  --iU-containing assembiies.<-»:°

-- Ziscussion

The results presented in this section suggest the need for additional
validation of the ENDF/B treatment of the unresolved resonance region. In
particuiar, we suggest that because of the non-uniqueness of the unresolved
resgnance representation it would be desiranle to test that the representation
leads to correct estimates of the seif-shielding, with self-indication and
thick-transmission measurements.

Our specific comments were limited to MAT 1393, but it should be c¢lear
that vaiidation is also needed for the =33U and 232Py unresolved represen-
tazions.-:>~~ [In fact, the fissile isotopes unresolved range starts at a
much lower energy (82 eV for -3*U and 3G0 eV for 239Py) where self-shielding
effects might be more important.3*

We were not able to find the original justification for the current
ENDF/B treatment of the unresolved resonance region which consists of fit-
ting the average infinite dilute capture cross section with an energy
dependent p-wave strength function. For 2°8U this approach was first used
by T. A. Pitterle for the ENDF/B-II evaluation (MAT 1107).85

Early treatments of the unresolved resonance region were based on energy

8¢  Brissenden and Durston®? in-

independent average resonance parameters.
troduced a numerical treatment based on the construction of a "ladder" of

artifical resonances randomly selected from tre appropriate energy independent



proz:. i aistrisutions.  As noinfed out by Brissenden,®® in this approach
anv - s orsseaie laaders is ecuailv probable so that the statistical i
sai :orar S3n ne AsLimated. bul cannot be reduced, by sampling over !
many  siillcos orauders.  Aeinpers el -der-? and Adking and Dyos®® computed the

coamtiey in Ooppler coetricient caicuiations due fo the statistical
SLo=rTOr.  Oygs @nc >tevens rave so000 tnat when the partial in-

LD nnaurar v . covean 4 oand 5 keV is computed by the

statistical approach, the probable statistical sampling error is about iu..

[n :-zav tg reduce this statistical error several authors have propcsed to
sei=Ct Trom all possible pseudo-resanance ladders, one particular ladder
wnicn yigias Tine group average crass sections that are consistent with

87222794 This can be

those avaluated from low resoiution measuraments.
acnieveu by a forced saapling technique.®® Note that this technique is not
:quivalent to the ENDF/D treatment discussed above.®®

ts of the unresolved resonance region have been propcsed.

G

i
I
S
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1 orevicus paper, - the authors suggested that the statistical treatment

AR

se replaced by using directly the cross sections obtained from high resolution
measurements. We discussed methods for the broadening and unbroadening of

the resonance structure, even if a proper resonance analysis of the structure

cannot be performed. S. Pearlstein®’ suggested a somewhat different approach :
based on representing the data by the probability table method. Pearistein
also discussed a technigue for Doppler broadening and unbroadening of data
where resanance parameters are not available. Gur and Yiftah,?® on the

otheyr hand, have suggested the direct parameterization of the resonance

seif-shielding factors. |
e recommend that the present ENDF/B treatment of the unresolved resonance

reqion be reexamined, and perhaps replaced by one of the alternate treatments

just reviewed. Before leavirg this topfc we make three more observations:

(1) There is an inherent statistical sampling error associated with any

e



pa= c- tes eeneglunsd eecgpance vreqgion which specifies probability

T Tt otha oenes osantigns, rather than the actual cross sections.
- Sommeas mmas Fhde avene be recoqnized and nroperly accounted for.,
Awnceinad sannat vrafap fa AiFSarant methods of rreating

“tL o s30nance <tvnctiure of +he cross sections: there is no sharp difference
*~ o+ aata, The decision as to where to stop the resonance analysis of
.:a ana wnere to start the "unresoived” range is largeiy an arbitrary
wZuision oT the evaluator or anaiyser of the data. We have discussed this
in more detail previously,®- and as an example, in Figs. 2 to 4 we show
1125 ot the cross sections of ~*?*U below 60 eV (the resolved range) and

-1 apove 100 eV. (the unresolved range). Clearly tne “°°U data above

(o)

.y are just as “"resolvable" as the -’3U data below 60 eV!

.nerever resonance self-shielding is important, the gross features of the
resonance structure can be observed in high-resolution data. These gross
feacu~es dominate the resonance self-shielding effects and can be represented
7airiy accurately by any resonance parameterization. The smaller resonances
wnicn constitute a "noisy background” in the cross section could be arzounted

for by one statistical Tadder or by a File 3 smooth contribution. Such a

representation would appear preferable to the present ENDF/B approach.
V. CONCLUSIONS

In this paper we have discussed several aspects of the measurement,
analysis and evaluation of the cross sections of the fertile and fissile
nuclides in the resonance regions,

In the resolved range, for the fertile nuclides we think that the
principal requirement for improved evaluations is for a practical methodology
to deal with systematic errors and their correlations., For the fissile
nuclides **°U and “*?Pu, the ENDF/B-V evaluations are not consistent with

EMDF/B procedures recommendations and fall short of the goals of resonance



“oy o 2valuztions of these two isotcpes should be performed. In
Tt emcnpance wenion we show that the ENDF/B representation is
el e ans toaavatdieally justified. A better reoresentation may
7ot e a2 o2 walidation of the representation with experimental! self-
T.i2ltina and transmicsion measur-rearns s certainly requirea.

Ar emnnasis has heen on the shorfcominqs of the Tatest evalua“ions,
»2c3use this is the noal of a critical review, however. it would be unfair
to conclude this review without mentioning that, if many probiems remain,
nevertieless much progress has been achieved in recent years in improving

z :valuations of the heavy nuclides. We shall illustrate this cbservation
1I0 LU0 examples:
"i . iongstanding discrepancy between the ccmputed and directly measured
of one self-snielded resonance integral of -*°U has been considerably
requced if not entirely removed,®-*°*°?®7'%1l  The problem was due to an in-
correct uncertainty assignment to an early measurement'®® of the capture
width of the 6.68 eV ievel in “°3U, and was solved bv a reexamination of that
uncertainty assignment,'?® and by a series of new high quality measurements
and analyses of the low energy cross sections of 23y 1087102
(2) In all previous ENDF/B versions several heavy nuclides, particularly
232Th, 233 and 2%®U, had "negative cross sections" in the resolved region.!0%»105
This problem resulted from an improper treatment of the contribution of the
levels with energies outside the resolved range, and from the use of the single
level Breit Wigner approximation, which is acceptable only in the vicinity
of a resonance energy. In the ENDF/B-V representations of the heavy nuclides
these negative cross sections appear only for 2*?Pu.

Finally, in concluding, we stress that the shortcomings discussed in
this review are being actively addressed by the nuclear cross section

community and we feel confident that further improvements in measurements and

evaluations are forthcoming.
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Eneray Shane wmalvsis Shape analysis Geel published Columbia
o7 Geel data of Columbia data values published values
{Z tnicknesses) (3 thicknesses) [ca 71] [Ra 72]
CoL ey T, mav T, meV r , meV
n n n
372, 112 = 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. 35 97 - 2 38 - 2 116 = 15 68 + 14
1637.4 5G - 1 46 = 2 60 + 5 50 =+ 8
1662.0 201 - 4 214 + 4 241 + 20 171 + 20
1687.3 95 - 2 97 = 2 104 + 9 92 = 10
1709.0 81 - 2 77 = 2 94 + 7 8 = 8
1753, 121 = 3 116 = 3 135 + 10 105 + 10
)T 1236 1334 1486 1292

In the shape analysis of Geel data the adjusted background parameters a
were negligible (< 10"3).
In the shape analysis of Columbia the adjusted background parameters a

were equal to:
0.0011 for 0.084 at/b sample;
-0.010 for 0.0348 at/b sample;
0.027 for 0.0084 at/b sample,



Iggle L1;~mggyggyj9un q{m_ Th Revonanee Uidti (mey)

Level Energy Rahn ¢t ul. Chrien ¢ ui.* Olsen v /. ENDF/L -V LR

ev {1972) (1979) (1980) (1979) Chu
21.8 Tn 1.91 + .09 2.1+ 1 (.02) 2.08 + .02 2.02 2.0
FY 20 + 2 24.5 + 1.5 (.2) 25.3 + .4 23.0 2549
23.5 1 3.24 + 24 3.7+ .2 (.02) 3.82 + .04 3.88 3.74
FY 25 ¢ 2 26.0 + 1.5 (.2) 26.9 1 .4 25.0 29.9

59.5 Ty 3.9 .2 4.0 + .3 (.03) 3.86 i .06 4.04 4.4
FY 25 + 2 25.0 £ 2.0 (.3) 24.6 : .9 23.2 25.9

69.2 Ty 44.0 = 41.2 + 3.0 (.3) 43.2 v+ . 44.0 42.0
FY 25 ¢ 22.6 = 2.0 (.4) 4.1 + .3 2t.9 25.9

*The error in parenthesis is statistical only.
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“i51a /1. Temperature Dependence of <350

Capture Self-shielding
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Fig. 1. The "smooth" MF=3 conlyibution to the THDE/ZG-V vepresentation
of 7°“U over the resolved resonance range: 1 eV - 81 eV.
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Fig. 2. U-233 fission and capture cro.s sections in the resolved
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analysis of Reynolds and Steiglitz used in EMNDF/B-V. The figyres il strates
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