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Abstract

We present a detailed analysis of the impact of resonan@meder uncertain-
ties on covariances for neutron capture and fission cros®ssadn the resolved
resonance region. Our analysis uses the uncertaintiellaleain the recently
published Atlas of Neutron Resonances employing the Mudtiell Breit-Wigner
formalism. We consider uncertainties on resonance erseajpag with those on
neutron-, radiative-, and fission-widths and examine tingoract on cross section
uncertainties and correlations. We also study thece of the resonance parameter
correlations deduced from capture and fission kernels &rsdréite our approach
on several practical examples. We show that uncertainfiasutron-, radiative-
and fission-widths are important, while the uncertaintiesesonance energies
can be éectively neglected. We conclude that the correlations betwneutron
and radiative (fission) widths should be taken into accoliné multi-group cross
section uncertainties can be properly generated from betreisonance parameter
covariance format MF32 and the cross section covarianeedbMF33, though
the use of MF32 is more straightforward and hence preferable

Editorial note: The ideas on which this paper is based were put forward during
numerous discussions between the scientists of the Nabluwdear Data Center,
BNL in the first half of 2007. This was part of an intensi€ogt devoted to de-
veloping neutron cross section covariance methodologydanmésolved resonance
region. The backbone of this methodology is the use of thenainty infor-
mation contained in the Atlas of Neutron Resonances (authdiughabghab,
Elsevier 2006). The present report was drafted in summer,28€ar final version
followed in September 2007. Three months later, in Decerbér, a paper by
D. Rochman and A.J. Koning, NRG Petten, was submitted to Nuastr.| Meth-
ods A using many of our original ideas without mentioning work. The NNDC
learned about it from an on-line version of NIM-A in March B his prompted
publishing the present report in order to secure our pyianithis matter.






Chapter 1

Introduction

The recent revival of interest in neutron cross section gamaes (uncertainties
and correlations) is driven by the needs of advanced reagttems and fuel cy-
cles [1, 2], data adjustment for the Global Nuclear Energy Partnpré8INEP)
project as well as nuclear criticality safety. This inteliesstrongly enhanced by
recent advances in computer technology and progress ati@airansport codes
allowing to perform fast numerical simulations. Such siatigins can substan-
tially reduce expensive and time consuming measurementsamk-up assem-
blies. For these simulations to be useful, neutron croggseevaluations have to
come with a trusted estimate of uncertainties.

It appears that the covariance information is very incotepdéeen in the most
recent nuclear data libraries. For example, the brand ne®@HRABIVII.O li-
brary [3] contains neutron cross section covariances only for 1zoti13 newly
evaluated materials out of 393. The consequence of the lackwariance in-
formation in the user community is a common misuse assunhiaiga given old
covariance file, obtained under specific conditions, forcsfmecross sections or
other nuclear data, can be used with a new data file, obtainddruliterent
assumptions. To remedy this problem, it is important to tere&w reliable co-
variance files, consistent with mean values to which thesrrief.

The new neutron cross section covariances included in tHeFABVII.0 li-
brary are sample covariance evaluations that represemraquisite for a much
broader &ort anticipated for ENDB-VII.1 release. In the resolved resonance
region these evaluations were obtained by threéfedint methods. The direct
SAMMY was used for the covariance evaluatiorf8mh, the retroactive SAMMY
for 152153154155156157158160G d, and the Atlas-KALMAN method was used for eval-
uation of8%Y, %°Tc and*®*1%3r,
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The first method, direct SAMMY, is the most suitable for newasigrements,
where the analysis of raw experimental data can be perfomithdoowerful R-
matrix codes. The best known is the ORNL code SAMMY, which automat-
ically produces full covariance informatio®][ For comparison, the European
code REFIT §] has similar capabilities in data analysid,[but produces diago-
nal covariance terms only. The code SAMMY preforms a mwélenultichannel
R-matrix fit to neutron data using the Reich-Moore formalismpé&timental con-
ditions such as resolution function, finite size sample,-noiform thickness of
sample, multiple scattering, self-shielding, normal@at background are taken
into account. An important distinction of the SAMMY is theage of the Bayes’
equations, or the generalized least squares rather thdmastesquares equations
to update resonance parameters. THeedince, making SAMMY more power-
ful, lies in the assumption implicit in the least squared tha prior parameter
covariance matrix is infinite and diagonal |

The second method is based on the idea to generate expeaalmiatat “retroac-
tively” and then proceed with the direct evaluation as descr above §]. The
motivation behind this somewhat unorthodox method, termadactive SAMMY [3],
is to benefit from the power of SAMMY and from huge experienceumulated
over years in experimental facilities such as ORELA. An ititamis to apply this
method to those cases where suitable experimental dataotevailable. In do-
ing so one first generates artificial experimental cross@ectising the R-matrix
theory with already-determined values of resonance pammeStatistical and
systematical uncertainties are assigned to each data, gsititnated from past
experience. Transmission, capture, fission and other dat@aéculated assuming
realistic experimental conditions such as Doppler broameand resolution func-
tion. Then, the SAMMY code is used to generate resonancpeer covariance
matrix.

The third method, pursued by the National Nuclear Data Cgeistéocusing
on many cases where the use of the above two methods may natdieal. It is
based on the ideato utilize another resource of informatroneutron resonances,
namely, the recently published Atlas of Neutron Resonarid#sThis monumen-
tal work by S.F. Mughabghab represents tieeglition of what was previously
well known as the Brookhaven National Laboratory BNL-325 Ré&pdrhe point
is that Atlas contains not only the resonance parameterguéntly adopted by
many evaluations in major evaluated data libraries, bud Higir uncertainties.
The idea is to make use of these uncertainties and conventitite neutron cross
section covariances. Such a task has several distincteunggs.
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e One perspective is that we deal with a specific case of nuckzation
modeling that one would ideally encounter when using théeaunaeaction
model code EMPIRE originally designed for evaluations infdst neutron
region [L1]. In EMPIRE, one is far away from a situation of having perfect
model, perfect parametrization along with solid model pagter uncertain-
ties. Yet, the resolved resonance region is pretty clodesodeal situation.
One has a model, such as the Multi-Level Breit-Wigner (MLBW niai-
ism, with a set of well determined model parameters along ieir un-
certainties directly deduced from experiments. Hence,stroeild built on
experience from coupling EMPIRE with the Bayesian code KALMAN]
to produce covariances in the fast neutron region and expamdthe reso-
nance region. This led to the development of the Atlas-KALNM#Aethod,
used to evaluate four materials for ENBFVII.0 [ 3] and also to produce
preliminary set of covariances for advanced reactor sys{&fj.

e Another perspective is that one encounters a typical psitggproblem,
with converting resonance parameters (file MF2 as definedarENDF-
6 format [L4]) and the resonance parameter uncertainties (file MF38) int
cross sections and cross section covariances. To this eedstmuld em-
ploy a suitable processing code such as PUFF ¢r ERRORJ [L6]. This
approach, however tempting, does not providésent insight into the role
of the resonance parameter uncertainties unless ondiisiesntly familiar
with the processing code itself.

e Still another perspective is that one deals with the taskrevis&raightfor-
ward analytical solutions are possible. This should shdiicgnt light on
the role of the resonance parameter uncertainties andsthieeiprimary
objective of the present paper. On practical level, suchrehyais would
bring us to the previous item by providing justification fanwersion of
uncertainty information from the Atlas of Neutron Resonaniceéo MF32
covariances. This procedure is straightforward and shoeljoreferred over
our earlier approach of using MF33.

This paper is organized as follows. In Chapfewe summarize formalism
for neutron capture and fission cross sections. In Chaptee consider single
resonances and analyze the impact of the resonance parameggtainties and
resonance parameter correlations on the neutron crosersecicertainties and
correlations. Then, in Chaptémwe extend this analysis to many resonances. Our
conclusions are given in Chapter

BNL-80173-2008 Page 3 M. Hermanet al.


http://www.nndc.bnl.gov/nndcpeople/herman.html

Chapter 2

Capture and fission cross sections

We restrict ourselves to the MLBW formalism as defined in theDEMN for-
mat [14]. This is justified by a wide use of MLBW in all major evaluatedafear
data libraries and its dominant use also in the Atlas of NeuResonances. Fur-
thermore, MLBW is sfficiently representative for our purposes and relatively
easy to implement analytically. Although our analysis dobé extended to a
more sophisticated Reich-Moore formalism, it would hardiamge any of our
findings.

For a simplicity we restrict ourselves to s-wave procedgssdiscuss a single
resonance, then proceed with a multi-resonance case. Weoslde expressions
for capture cross sections, with the understanding thagxbeessions for fission
cross sections can be obtained by a simple transformatarth& purposes of the
present paper all examples shown to illustrate our poisavave resonances.

For a single resonance at the enekgyand the neutron incident energy the
capture cross section can be expressed by the Breit-Wigmaufa as

gln(E)I,

&) =" R Ey2r + € —Eop’

2.1)

where we dropped all indices related to quantum numberse,Rés the neutron

wavelength,

1= (2.2)

V2mE
m being the neutron reduced mass dinithe Planck constant, the spin statistical
factor is given by

2J+1

g= m (2.3)

4
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with J being the spin of the resonance dritie spin of the target nucleus, and the
energy-dependent neutron width for s-wave neutrons is

E
[W(E) =Ty \/;0, (2.4)

wherel’, denotes the neutron width &. The energy dependence of the total
resonance widthl['(E), can be neglected when compared to the strong energy
term in the denominator of EG.1, giving

Fr=rn+I,+T%, (2.5)

beingl’, andI'; the radiative and fission width respectively. Ef.1f can be
rewritten to its final form

272 ( 1 )1/ ? grr,

E) =
75(E) m \EEy) ([n+T, +T¢)2+4(E-Ep)?’

(2.6)
where one can explicitly see all quantities of interest toamalysis. These quanti-
ties, along with their uncertainties, can in general be ¢oarthe Atlas of Neutron
Resonancesl[] and include the resonance paramet&yd 'y, I',, I'r and the cap-
ture kernelgl',I", /T

For the case of several resonances the above expression ganéralized by
performing summation over the individual resonances, tiehloy the subscript,

Zo'yr(E)

2 1 \"? .y
2nh Z ( ) . OrLnr yr . (2.7)
m P EEOr Fr + 4(E - EOr)

O_y(E)

This is justified by the observation that there are no interfee &ects in neutron
capture, generally when the number of primasgay transitions is large.

For fission cross sections the same formalism, after ingergimg the sub-
scriptsy and f in the above equations, can be applied.
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Chapter 3

Cross section covariances for a
single resonance

The energy-energy covariance between capture crossgetidE) ando, (E’)
at the neutron energigsandE’, is given by

do(E)
opi

do,(E")
op;

<60-7(E) 60—7(E/)> = ©Opiopj ) (3.1)
§

wherep; stands for the resonance parametgyd ', I',, I'r, and(op; op;) is their

covariance matrix. Assuming that the resonance paramatersncorrelated,

o
(opp;) = {(Ag') : ) : 3.2)

one gets
(60,(E) 60, (E)) = Z 80;;'5) (Api)zaogé:i’) (3.3)

that defines all elements of the energy-energy cross sexdi@riance matrix. The
diagonal termsE = E’, contain cross section uncertainties, while tffediagonal
terms,E # E’, contain cross section correlations.

3.1 Cross section uncertainties

The diagonal terms of the energy-energy covariance mateixiess section un-
certainties. Using a more explicit notation, this diagdeai defined by Eq.3.3)

6
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can be written for non-fissile nuclei as

(Ac,)? = (%AE )2 + (%AF )2 + (%AF )2 (3.4)
7T \oE, ) e, ") T\er, T 7) '
Here,do, /0y, do, /0y, anddo, /0T, are the partial derivatives ankEq, Al
andAr’, are the standard deviations (uncertainties) of the resmnanergy, neu-
tron, radiative width, respectively. We note that the abegeation can be easily
generalized to describe actinides by adding fission term.
Considering Eq.4.6), the first term of Eq..4), after normalizing it to the
capture cross section, gives the relative capture crosesemcertainty
80'7 AEQ _ 8E0(E - Eo) 1 AEO
0By o, (rz + 4(E - Ep)? 2) Eo ’
which shows strong-dependence. Thus, for the neutron energies far away from
Eo, the cross section uncertainty is small/2REq/Ep atE = 0 and -(12)AEq/Eg
atE >> Ep. For the interim energies, the leading term 4823/ (E — Ep) and this
explains the initial rapid growth in the relative cross satuncertainty, followed
by equally rapid decrease, with a deep minimuri at Eo.
As an example, in FigB.1we show'>2Gd(n, y) for the single s-wave resonance
with the resonance enerd=173.8 eV known to 0.06% precision, see Tablg
whileT" andr’, are treated as exactly known quantities. Although the @esson

(3.5)

Table 3.1: The resonance parameters and their uncertaintieSgfer 1738 eV s-wave
resonance if*?Gad+n [10].

Eo(eV) dln(meV) T, (meV)
173.8:0.1 86:2 30«2

uncertainties tend to be very large, in practice they candggeted since there
is a strong anti-correlation with respectlg (see Sec3.2). This anti-correlation
virtually annihilates contribution to cross section urtagities due toAEy once
the cross section averaging is done even over the fairlyomaenergy interval
aroundE,.

The second term in Eq3(4), the energy dependence of the relative capture
cross section uncertainty due4d', reads

oy oy, I2+4(E - Ep)?) Ty

(3.6)

BNL-80173-2008 Page 7 M. Hermanet al.
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Figure 3.1: The ®Gd(n, y) cross sections for the single resonafige= 1738 eV (left
scale) and their relative uncertainties due to the resonance energyaumye)06% (right
scale).

where the index stands either fon ory. This expression gives the cross section
uncertainties that are fairly constant. For the neutrongees far away front,
one getsAI', /T’y for cross section uncertainty, the interim energy regioaidy
flat, with somewhat complex shape closegpdepending on the actual value of
the term (1- 2I'y/T).

An example is given fot>?Gd(n,y) for the single resonancg,=173.8 eV,
with AT, /T',=2.3% andAr’,/T",=6.6%, see Tabl&.1. Shown in Fig.3.2is the
impact of AI',, which yields complex shape arouig caused by',/I" being close
to unity. Fig.3.3shows the contribution caused iy, that drops aE, sincel’, /T’
is relatively small.

3.2 Cross section correlations

The correlation between capture cross sections is givelndoydn-diagonal terms,
E # E’, of the energy-energy covariance matrix, E&3[. Two possibilities will
be discussed. First, we will consider the uncorrelatedrasoce parameters. Then,
we will examine the correlation betweéh andI’, using the constraint given by
the capture kernel.

BNL-80173-2008 Page 8 M. Hermanet al.
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10+4: T T T T 1O+2
Ty +2.3% 152Gd(n, y)
_ 10"
103 | ~
S : 100 £
m .o
Y ' 1
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1072
10" ' ' 10°3
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Figure 3.2: The%2Gd(n, y) cross sections for the single 173.8 eV resonance (left scale)
and their relative uncertainties due to the neutron wititk: 86 me\&2.3% (right scale).

lo+4 E T T T T 10-0
I, +6.6% 152Gd(n, y)
10+3 3 AO‘(E) o)
) 5 <
0 . 0
> 107} =
10 ' 2.0

173.2 173.6 174.0 174.4
Incident Neutron Energy (eV)

Figure 3.3: The1%2Gd(n, y) cross sections for the single 173.8 eV resonance (left scale)
and their relative uncertainties due to the radiative widtk:- 30 me\it6.6% (right scale).
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For the uncorrelated resonance parameters, and follolweiggual practice to
normalize the covariance matrix so that the matrix elemargsbetween -1 and
+1, one gets correlation matrix

(60(E)60,(E")) < 0,(E) (Api)? do,(E")
Ao, (E)Ac,(E) Z opi Ao, (E)Ac,(E) 0p

: (3.7)

wherepi = Eo,I'n,I',. For illustration we continue to analyZé*Gd(n,y) at
Eo=173.8 eV. In Fig.3.4, to the right, we show the relative cross section uncer-
tainties due to both the neutron and radiative widths uaggres,Al', and AT,
while the resonance enery is considered to be known exactly. Then, in Hg
we show a complete case, where also the resonance energyaimgeAE, is
considered. This has striking impact, showing up as strorigcarrelation with
respect to the energyy. As a consequence this anti-correlation annihilates the
impact of AEg on the averaged cross section uncertainties.

Next, we examine the correlation between the resonancédsvidh capture
measurements the capture kernel,

grT
AY = Ty > (38)

shows that there is negative correlation betwEgandI’,. This correlation may
or may not be strong, depending on the values of the resoneidtas involved.
Thus, if either[’,/T" or I, /I is close to the unity, the correlation is weak. |f,
however, these ratios are approximately equal, then thielation betweel, and
I", will be strong. The corresponding expression for the cresian uncertainty
reads
= (20, 22 o
ol ol ar,
where we again dropped the fission term for simplicity.
The approach described here to calculate the correlationtietween the res-
onance widths applies the generalized least squares mietimthe Bayesian the-
orem [L2Z]. The initial values of,, I, A, as well as their uncertaintieAl’,, AT,
andAA,, can be taken from the Atlas of Neutron Resonances. The foitpve-
lations hold for the prior covariance matrix of the resoremadths,¥, and the
posterior matrix¥,

2 dor, 2
ATy +2—=2(6T6T,)—~ + AT,| | (3.9)
ar,

¥ v+ ¥YSTV[A - AY)]

P

¥ - ¢STVSY, (3.10)

BNL-80173-2008 Page 10 M. Hermanet al.
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Figure 3.4: Top: The'®2Gd(n, y) cross section correlations due to uncorreldtgendr’,

for the single 173.8 eV resonance. Bottom: The same for relative crossrsancertain-
ties.
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Figure 3.5: Top: Thel®2Gd(n,y) cross section correlations due to uncorreladgdl’,

andTI’, for the single 173.8 eV resonance. Bottom: The same for relative croserse
uncertainties.
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whereV = (SYST + (AA)?)™1. The vectorA(y) represents the capture kernel
calculated for the set of parametgrs= {I',,I',}. The quantityA = A, is the
experimental value of the capture kernel with related vagaAA,)?, while S is
the sensitivity matrix an&" is its transpose given by

(i)

(3.11)

The covariance matrix for the resonance parameters is gi¥en

[ (ATn)?  (oTndl,)
v=( S W) (3.12)

We introduce the shortened notation for the correlatiom teetweerd’, andr’,

(8Tl

c=_"12
AT, AT,

(3.13)
The upper line of Eq3.10 represents the update of thg andI’, parameters,
while the lower line defines the covariance calculation fase parameters. In
the prior matrix¥, the correlation tern€ is assumed to be equal to zero. Then,
the calculation is iterated by replacifgwith the calculated” until convergence

is achieved.

We illustrate impact of th&, - I', correlations on capture cross section uncer-
tainties in Fig.3.6. We choosé>Gd(n, y) reaction in the vicinity of the resonance
at 173.8 eV and show the range of uncertainties when thelabom codficient
C varies between -0.1 and -0.9. One notes that low correkatiesult in higher
uncertainties at both wings of the resonance while the atgpisgrue for the peak
zone. The change in the cross section uncertainty can réxch 80% between
physical limits ofC (-1 to 0) but is less than 30% in the peak zone. Typical scale
of thel', - T, correlation is shown in Tabl@.2, in which we reproduce experimen-
tal values ofC for several s-wave resonances¥Gd+n as reported in Ref1[)].
Generally, there is a strong negative correlatidn,ibndI’, are comparable and it
weakens if one of the widths becomes much larger.

3.3 Averaged values

Users of neutron cross section data are primarily intedastéhe group-averaged
cross sections and their uncertainties. Therefore, it {grattical interest to ex-
amine the impact of the covariances on the cross sectiohgthaveraged over

BNL-80173-2008 Page 13 M. Hermanet al.
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Table 3.2: The resonance parameters and capture kernels of selected s-s@vanees
for 152Gd+n [10]. The correlation termsC, betweerT, andT", were taken from Ref[g].
For all resonanceg = 1.

Eo (eV) ol (meV) I, (meV) A, (meV) C  Comment

173.8 862 30+2 22.3:t0.3 -0.91
185.7 842 535 32.3t0.5 -0.95
203.1 942 59+3 36.6t0.4 -0.95
223.3 30%12 643 52.9:0.6 -0.75 T, >>T,
231.4 464 62+8 26.4t0.9 -0.98

1678.4 999116 697 64.6:2.3 -0.60 I'y>>T,

8.0 T T T T T
152Gd(n, y)
7.0} C=-0.1 ]
S 60 C=-0.3
= OVE C=-0.5 ]
w C=-0.7
5 50t ]
< C=-0.9
4.0} Y o 0Tl ]
AT,AT,
30 ! ! ! ! !
173.2 173.6 174.0 174.4 174.8

Incident Neutron Energy (eV)

Figure 3.6: The 152Gd(ny) relative cross section uncertainties for the single 173.8 eV
resonance illustrating the impact of the correlation betw&eandr, .
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a broader energy interval. The capture cross section arager the energy
interval AE around the energkf, can be calculated as

o, = A—lE > oy(E)Ae, (3.14)

where Ae is a suficiently small energy step. Then, the averaged cross section
uncertainty is

A
Ao, = A—E \/Zj(éo'y(Ei)éo'y(Ej». (3.15)

It should be pointed out that typical widths of energy bingrowhich the
averaging is done is much larger than the width of a singlenasce. Thus, in
our sample case that we choose to illustrate our resét&d(n, y), the 173.8 eV
resonance falls in the group-energy interval that is ordémnagnitude larger
than the resonance widih = 0.03 eV. Indeed, in the 44-group structure used for
nuclear criticality safety applications the relevant gyegroup has width orders
of magnitude larger. In the 15-group structure, used in sathe@nced reactor
systems studies, the relevant energy group spans the aa@gg/from 22.6 eV to
454 eV, implying the bin widths more than 400 eV. The energgrival over which
the cross section uncertainty is displayed in the above pkarsee Figs3.1-3.6is
less than 1 eV. This energy interval isi$ciently broad for our purposes, yet still
pretty small when compared to the energy interval of anyweglegroup structure
used in practice.

One important comment is in place. In calculating averagmtjties the role
of correlations become important as can be seen IrBE( As a consequence,
averaged uncertainties are lower, sometimes considel@kér, than those intu-
itively expected considering purely diagonal terms.

Considering the anti-correlation causedAly,, it is clear that impact oAE,
on the averaged cross section uncertainty is negligibleth®@montraryAl', and
AI', are important in view of the cross section uncertaintiesesthe related cross
section correlation matrix is positive and fairly uniforitherefore there is no can-
cellation that eliminates thetect of AE,. The impact of the correlation between
I'n andI’, may be significant and reduces the average cross sectiortaintefor
negativeC.
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Chapter 4

Cross section covariances for
multiple resonances

The previous analysis can be extended to a more realistec\w#ls many reso-
nances. We will discuss the cross section uncertaintieshamdproceed with the
correlations.

4.1 Cross section uncertainties

Using Eq. B8.4), the cross section uncertainty for the multi-resonanse can be
worked out fairly easily. Two cases will be discussed, firstwould assume un-
correlated resonance parameters, afterwards we will densorrelation between
I'n andTI’,. For the uncorrelated resonance parameters one has

2 ooy, 2 ooy, 2 do, 2
(AO'),) = Z EAEW + 8TAFW + HTAF.W , (41)
” r nr yr

wherer denotes the individual resonances. Following E§<%)(@nd @.6) the par-
tial contributions to 40)? can be readily obtained and, after some rearrangement
and dropping subscript, written as

oo AEOr _ (ot 8E0(E - EOr) 1 AEOr (4 2)
0Ey o o \I2+4(E-Ey)?2 2] Ey '
and
=—|(1- , (4.3)
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whereo, is the cross section of the resonan@ndx = n, y. The ratioo, /o- mod-

ifies the behavior of the cross section uncertainty far froemresonance energy
Eq . If the neutron energi is close toEy,, then the ratiar, /o is almost equal to
unity and Eqgs. 4.2 4.3) become similar to Eqs3(5, 3.6). For the energ far

from Eg, theo /o becomes small in the presence of another resonance and the
effect of ther™" resonance on the cross section uncertainty is also small.

We will discuss two examples, each showing three s-waveneeses. Our
first example continues with the case®fGd(n,y). We already discussed the
173.8 eV resonance, now we proceed by adding 185.7 eV and 288reso-
nances. For these three resonances, the calculated capigssesections and the
calculated relative uncertainties are shown in Big. One can see three broad
peaks in the uncertainty curve with narrow dips at the resca@nergies. Pos-
sible impact of the correlation betwe&p andTI’, is displayed by the shadowed
band that corresponds to the range of valde$.0 and -0.9.

0% o
' = 0% 1 140
10 [ 6d0.y) C=-90% oo
' 12.0
103 | _
o) I 100 £
g 10 8.0 %
b I
10 60
10% 4.0
10 | 1.1 20

170 175 180 185 190 195 200 205
Incident Neutron Energy (eV)

Figure 4.1: The%2Gd(n, y) cross sections and their relative uncertainties for three s-wave
resonanceskEp=173.8, 185.7 and 203.1 eV. The resonance energy uncertaintss,
were not considered. The shadowed band illustrates the impact @ftig X correlation.

Our second example discusses fission. In Eigwe show?*!Am(n,f) cross
sections and their uncertainties considering three res@saas well as the bound
level. The resonance parameters and their uncertaintegieen in Tabled. 1
The contribution of the bound level to the cross sectionddarty visible. One
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Incident Neutron Energy (eV)
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Figure 4.2: Cross section correlation due to uncorrelafgcandr’, for 152Gd(n, y) for
three s-wave resonancés=173.8, 185.7 and 203.1 eV.

Table 4.1: The resonance parameters and their uncertainties for three s-wanamess

in 241Am(n,f) [10], fission kernelsA; are not available. Also shown are parameters for
the bound state which are considered to be known exactly. Shown in trelasin are
correlation co#ficients,C, betweer, andTs.

Eo(eV) 29, (meV) I, (meV) TI't(meV)
-0.425 0.641 40 0.215
0.307+0.002 0.056Q:0.0005 46.80.3 0.22-0.03
0.574+0.004 0.0923:0.0020 47.20.3 0.14:0.02
1.268+0.004 0.320Q:0.0080 48.90.7 0.3%0.02
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102 AL
% 241Am<n7f)
= Cross section
- T
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g ..............................
Q
102 ' |
= 150k Uncertainty -
\; ' Ffl + 10 %
% ng +5%
= 5.0F
-]

0.01 0.10 1.00
Incident Neutron Energy (eV)
Figure 4.3: The 2*Am(n,f) cross sections and their relative uncertainties for three s-

wave resonances (0.307, 0.574 and 1.268 eV) and the bound levekesdmance energy
uncertaintiesAEg, were not considered.
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can see that there are no local mimima at the resonance esdrgline with our
earlier discussion of the single resonancedBg/T is close to zero. Since the
resonances are close to each other the local structuresaateed/ out due to the
uncertainties of individual resonances.

Table 4.1 shows the resonance parameters for three s-wave resonances
24Am(n,f) as well as the bound level and we expdtt [,) to be strongly anti-
correlated.

4.2 Cross section correlations

The energy-energy correlation between capture (fissiagscsections for many
resonances can be obtained readily using BE) @nd performing summation of
contributions from single resonanaeOne has

(60(E)oo(E)) _ ZZGG(E) (Aps)* 9o (E')
Aoc(E)Ao(E) — 4444 dp, Ac(E)Ac(E) dps

(4.4)

where the subscript denotes dferent resonance parameters. When discussing
correlations one can consider three options, although rtiney not be fully sup-
ported by the data available in the Atlas of Neutron Resorantlese options
are:

e Uncorrelated parameters for each individual resonance,

e Correlations between parameters of a single resonanceé (ahge correla-
tion), and

e Correlations between parameters of various resonancesréoge correla-
tion).

The first option is illustrated off*Am(n,f) reactions in Fig4.4. The resonance
parameters and their uncertainties, given in Tdbleare treated as uncorrelated.
Strong and localized anti-correlation can be seen clodestogsonance energies.
For2*Am(n,f), the cross section uncertainty in the thermal epegegion is dom-
inated by the 0.307 eV resonance. Consequently, the themmsd section and
uncertainty are almost fully dominated by the first positiesonance at 0.307 eV.
The second option could be illustrated by continuing in theve example and
including the &ect of ', andI's correlation. It appears that, when looking on the
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Figure 4.4: Fission cross section correlations f6tAm(n,f) considering three resonances
(0.307, 0.574 and 1.268 eV) and the bound level. The uncertainties cdsalhance
parameters were assumed to be uncorrelated.
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correlation plot similar to Fig4.4, the dfects are relatively small and hence not
shown here.

The third option takes into account also long-range cadticela. Obviously
one could consider the resonance energies as they are detdrby the neu-
tron flight path, but this féect in practice is very small and can be neglected. Of
more interest would be to consider another correlationcatdd by the Atlas of
Neutron Resonances, though without any strict guidances ddrrelation can be
inferred from the fact that often the radiative widths arsumsed to be constant.
In this case, the radiative widths of all resonances shoeldttongly correlated.
Such correlations can be only estimated usidgpoc assumptions as no guidance
is given in the Atlas of Neutron Resonances and we are not ptiiegnto do so
here.

4.3 Averaged values

As already mentioned the users require multi-group crossoses. The reason is
that large simulation codes are not designed for point-wiess sections that are
far too detailed, rather one needs suitably averaged vatuesnulti-group cross
sections. To this end, the processing codes such as P1LHFRrjd ERRORJ16]
and NJOY [L7]should be employed.

From the above discussion it is clear that the two possibieswaw to obtain
multi-group cross section uncertainties in the resonaeg®n should be equiva-
lent. If one choses to produce MF32 covariances, then PUEHR&ORJ should
be used to obtain multi-group cross section covariances mvariances of reso-
nances parameters. If, alternatively, one chose to prddi#@3 covariances, then
either of the above codes can be used to obtain multi-graegs@ection covari-
ances. We are not resorting to show this on any single casecasas example
might not be considered asfluaiently general and it is beyond the scope of this
report to go to extensive analysis of this point.

In practice, MF32 is more straightforward and provides niileability. Hence
its use, unless prohibited by huge size of the file, such asercase of**U, is
preferable.
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Chapter 5

Conclusions

The cross section uncertainties and correlations for oawapture and fission in
the resolved resonance region were examined. Our goal waske maximum
use of the information available in the Atlas of Neutron Reswes. We used
the MLBW formalism that allowed analytical solutions, complented with the
numerical calculations whenever necessatry.

We studied the impact of the resonance paramefgr{,I",) uncertainties
and examined the possibility to introduce resonance pasaneerrelations by
utilizing the capture kernel4,). We have shown that the uncertainties of the
resonance energieAE,, can be neglected in the averaged cross sections. The
uncertainties of the other resonance parameters shouddkée into account. This
is also true for the correlations betwdgnandI’, in cases where these widths have
comparable values.

The use of the resonance parameter covariances, file MFa2pgical step
forward in developing our covariance methodology in thetr@guresolved reso-
nance region. So far, we have been using the cross sectiamaose represen-
tation, file MF33. These two ways are equivalent in the semfiggaviding the
same multi-group values, but the use of MF32 is more stringhird and more
flexible and it should be given the preference.

We conclude that the Atlas of Neutron Resonances containsehéh of in-
formation that can befiectively utilized in the evaluation of neutron cross settio
covariances in the resolved energy region.
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