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ABSTRACT

Neutron cross section evaluations of the fission-product isotopes, >>Mo, **Tc, ”Ru,
103pp, 105pg 10950 Blye 138¢g Mlpy MINg 147 149G, 150gy, 1Sigm "152gm " 153, 155Gq.
and *’Gd were carried out below the fast neutron energy region within the framework of the
BNL-KAERI international collaboration. In the thermal energy region, the energy dependence
of the various cross-sections was calculated by applying the multi-level Breit-Wi%ner formalism.
In particular, the strong energy dependence of the coherent scattering lengths of >Gd and "*’Gd
were determined and were compared with recent calculations of Lynn and Seeger. In the
resonance region, the recommended resonance parameters, reported in the BNL compilation,
were updated by considering resonance parameter information published in the literature since
1981. The s-wave and, if available, p-wave reduced neutron widths were analyzed in terms of
the Porter-Thomas distribution to determine the average level spacings and the neutron strength
functions. Average radiative widths were also calculated from measured values of resolved
energy resonances. The average resonance parameters determined in this study were compared
with those in the BNL and other compilations, as well as the ENDF/B-VI, JEF-2.2, and JENDL-
3.2 data libraries. The unresolved capture cross sections of these isotopes, computed with the
determined average resonance parameters, were compared with measurements, as well as the
ENDF/B-VI evaluations. To achieve agreement with the measurements, in a few cases minor
adjustments in the average resonance parameters were made.

Because of astrophysidal interest, the Maxwellian capture cross sections of these nuclides

at a neutron temperature of 30 keV were computed and were compared with other compilations
and evaluations.
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I. INTRODUCTION

Evaluated neutron data play a major role in the design of nuclear reactors, as well as reactor
safety analysis. The evaluated ENDF/B VI data libraries currently being used for applications, such
as burn-up credit for spent fuel transportation, disposal criticality analysis and design of future
advanced fuel do not take advantage of the recent measured cross section information. The
consequence of not using the latest experimental data is likely to result in large uncertainties that have
to be addressed by overly conservative assumptions or design margins.

Although the current ENDF/B-V1 libraries contain data for fission product nuclides that are of
importance to long term criticality or dose calculations of spent fuel, the data for many of the other
fission products and higher actinides that are not major contributors to in-reactor performance may be
of significant importance for criticality and dose calculations involving long-term discharge fuel. Many
of such evaluations were based on rather perfunctory evaluations conducted in the 1973 to 1984 time
period. Even though new measured data has become available since then, because of priority and
resource considerations, these data were not re-evaluated to take advantage of the new information,
but were simply copied over from earlier versions of the ENDF/B library into the current one without
modification. To a certain extent, the same situation applies to the JEF-2 and JENDL-3 libraries.
Table 1, which lists nineteen fission products of importance for criticality safety and transportation,
givesin columns 1, 2, 3, and 4 the ranking of the fission product isotope according to DeHart [De95],
the fission product nuclide, the ENDF/B-VI release date, and the data source of the neutron
resonance parameters, respectively.

To address the deficiency in and increase the accuracy of fission product nuclear data, a BNL-
KAERI collaboration was initiated in 1998. Under this project of international collaboration, the
fission product nuclides listed in Table 1 were re-evaluated in the thermal, resolved resonance region,
and the unresolved resonance region.

We present in Section II the evaluation methods for the thermal, resolved and unresolved
energy regions; in Section IIL, we report the results and discussion for each fission product nuclide; in
Section IV we give comparisons with other evaluations; and in Section V, we summarize the
conclusions of the present evaluation project.



Table 1. Ranking of Fission Products for a 4.5% U-235 Fuel and 50 GWD/MTU*

FISSION ENDF-VI DATA SOURCE OF
RANK PRODUCT EVALUATION DATE | RESONANCE PARAMETERS

1 9Sm 1978 Mughabghab (1973)
2 Nd 1974 Mughabghab (1984)
3 1%Rh 1978 Mughabghab (1973)
4 Bl1Sm 1989 Mughabghab(1984)
5 1%3Gd 1977 Mughabghab (1973)
6 Blxe 1978 Ribon (1969)

7 33cs 1978 Garg (1965)

8 PTc 1978 Mughabghab (1973)
9 52Sm 1980 Mughabghab (1984)
10 BEu 1986 Mughabghab (1973)
11 Nd 1980 Mughabghab (1984)
12 130Sm 1980 Mughabghab (1984)
13 “ISm 1988 Mughabghab (1984)
14 1¥Ag 1983 Mughabghab (1973)
15 *Mo 1990 Mughabghab (1973)
16 1Ru 1980 Mughabghab (1981)
17 19pg 1989 Mughabghab (1981)
18 1Gd 1977 Mughabghab (1973)
19 “ipr 1980 Mughabghab (1973)

For Cooling Times Over 5 Years, Gd-155 Ranks 1.

* [De95]




II. EVALUATION METHODS

ILA. Thermal Cross Sections

In the present work, we followed closely the same evaluation procedure of the various thermal
cross sections as that described in [Mu81].

The capture cross section, o,, for a single resonance at energy E,, represented by the Breit-
Wigner formalism, is given by:

D L
C'y(E) Gor E l+y2’
2
y=2E-E), 0

. =2.608x106(A+1)2gI'n
° E, A) T’

In this relation, Iy, Iy, and I are the scattering width, the radiative width, and total width of
the resonance, respectively; o, is the peak total cross section; A is the atomic mass number; g is the
statistical spin weight factor defined below.

If N s-wave resonances of a nucleus are located away from the thermal energy, then their
contribution to the thermal capture cross section can be approximated by the following expression:

5, (0.0253€V) = 4.099 x 106(A;1) Z—%Ln @)
J=1 oj

The spin-dependent scattering lengths, a . and a, associated with spin states I+1/2 and 1-1/2,
where I is the spin of the target nucleus, can be written as:

at=R'+i MLy )
71 2(E-E)) +iT;

where R’ is the potential scattering length and A is De Broglie's wave length divided by 2n. The
summation is carried out over N s-wave resonances with the same spin. For those cases where
resonances are located farther away from thermal energy region, the above relation can be simplified

to the following:
0

2N
a,(fm)=R'- 2277x103( ) 3 in @)
i=t Eq

3



The total coherent scattering length for non-zero spin target nuclei, is then the sum of the
spin-dependent coherent scattering widths, a. and a, weighted by the spin statistical factors, g. and

g

a= g+a+ + g-a-

g.=(1+1)/Q1+1) ®)
g =1/QI+1)

The coherent, incoherent, and total scattering cross sections can then be expressed in terms
of the scattering lengths by the following relations:

Oon =41(g,a, +g.a_)? 6)
Oinc (spin) =4mg.g_(a, -a_) ™
0.=4n{g 2’ + g a?) ®)

To calculate capture cross sections, coherent scattering amplitudes, and various spin-
dependent scattering cross sections in terms of neutron-resonance parameters, the above relations,
Eq. 1 to Eq. 8, were applied. These relations were previously implemented in the BNL computer
code PSY32S, which was used extensively in previous studies [Mu81, Mu84], as well as in the
present evaluation.

If the results of the cross-section calculations do not agree with measurements within the
uncertainty limits, then one or two negative energy (bound) levels are invoked. As a first step in the
determination of the parameters of a bound level, we called upon Eq. 2 and Eq. 4. In addition, we
assumed the radiative width of the bound level to be equal to the average s-wave radiative width of
the nucleus under study. This quantity, as well as the potential scattering radius, is obtained from
either measurements or the systematic investigations of average neutron resonance parameters, as
well as optical model computations [Mu81, Mu84].

For target nuclei with non-zero spin, we relied in some favorable cases on gamma-ray spectra
measurements of thermal neutrons to deduce the spins of the bound levels. In other cases, where two
bound levels were stipulated, we made assumptions on their individual contributions. To carry out
the final adjustments of the parameters of the bound level, the INTER computer code was used. In
the final step of the analysis, the point wise energy-dependent cross sections were generated by the
ENDF programs and then were compared graphically with measurements. Furthermore, the Westcott
g factors, the capture resonance integrals, and the Maxwellian capture cross sections at a temperature
of 30 keV were calculated by the INTER computer code.



ILB. Resolved Resonance Region
1. Assignment of Orbital Angular Momentum Quantum Numbers

The Bayesian approach [Mu81, Sm91] is adopted in this evaluation to distinguish p-wave
from s-wave resonances for cases where the orbital angular momentum, /, have not been determined
from measurements. Even though there is a potential danger of incorrect assignments of / [Mu81,
Ga81], the Bayesian approach was used in several cases in the past [for instance, Bo68, Mi79].

For a resonance with a neutron width weighted by the spin statistical factor, gI',, the
probability that this resonance is a p-wave resonance is given according to Bayes’ theorem of
conditional probability by:

P(gl,ip)P,
P(gT,|9)P, + P(gT,| p)P, + P(gT,|d) P, +---°

€)

P(p|gl,)=

where P(gl",,]s) is the probability that the neutron width is gI', if the resonance is an s-wave
resonance, and P,, P,, and P, are a priori probabilities that the resonance is an s-, p-, or d-wave
resonance, respectively. Restricting the analysis to s- and p-wave resonances, the above equation
reduces to:

P(gT,|s)(D,) ] 10)

P T )=I1
(plgl) [ PGB

where the level-spacing ratio (D,)/(D,) is substituted for the ratio P;/P,. The probability density

functions (pdf) for s- and p-wave resonances were derived [Oh99] from the % distribution proposed
by Porter and Thomas[Po56]. The results are:

for s-wave,

5 exp(— ——-—2°‘x° :S,Si) S exP[‘ "——‘;ozxo %‘J
p(xy)dx, =| w, J}"m 0 ga_Sa) Wey Wo 9o 82 Sn d,, (11A)
8o Sor J?.:z’xo 802 S Jano

for p-wave,
exp(- 3w % f.l_] )
p(x))dx, = w”\/3wn = 280 ), 3n, —S-Lexp["wlle EL)
&1 S ﬁﬂx, 82 Si2 &2 S



3w,x; S

RN
+3w,23 —'—g—'-exp(— 3wy, —S-"—]+w 3w, S 28,4 Sis &, (12A)

14
gs Ss) Veu Su  2mx

In these relations, x, =gl"f,’/<gl‘,‘,’) and x, =gr',‘,/(gl",',>. w,; and g,; are the weights and the statistical

factors, respectively, corresponding to the j-th resonance spin, J;, arranged in ascending order, which
can be formed from a given / value and target spin, I. The weight is defined by the ratio of the
number of J; J-wave resonances to the total number of I-wave resonances such that w,; =(D;) / (D, j) .

Note that for spin zero target nuclides, weights wo; and wo; are 1 and 0, respectively. Concerning the
pdf for a p-wave resonance, the second and third terms in Eq. 12 take into account the degree of
freedom of 2 for the same J formation. Thus, in Eq. 12A, weights are set as w; =w;3=0forI=0,
wiz =0 for I=1/2, and w;; = 0 for I = 1. Finally, in the derivation of Eq. 11 and Eq. 12, the neutron
strength function is defined by:

s, =(glu)/21+1(D,) and S, =(T,)/(D,,). (13)
The J-dependent average level spacing is calculated by the Bethe formula:

1

(D)

where o is the spin dispersion parameter. The constant C is obtained from <Dy> and the relation

1/(D(,')=;1/(Doj).

J. +1/2)?
=C(2J] +1) exp[—(’—zz—LJ,
(e}

(14)

By applying Eq. 11A and Eq. 12A to Eq. 10, along with additional relations, such that:

__d(gr) _d(n) '
o = SWEY, S T3S D WEY, =

where the penetrabilities, Vo = 1 and ¥, =k*R%/ (l+k2R2), we can calculate the probability that a

resonance at energy E eV and a width = gI, is a p-wave resonance. However, such a calculation
requires detailed information, such as S;;, which may not be available. Therefore, some

simplification is necessary.

When we assume the (2/+1) law of level density, the weight becomes w,; =g, /G, , where
G,= g, - Notethat Go =1 whereas G,=3 for1=0, G; = 9/4 forI=1/2,and G; =2 forI2 L.
j

In addition, with the relation S,; = 4, S, , where y,; is the multiplicity of J;, Eq. 11A and Eq. 12A

become:
6



(-2), o)
T 2D, SV, VE
Ny v N T (a1

p(x))dx; = {a R - - a)é—} exp(— —3—}#1

G] Zﬂ'xl 1

a l-a
{Jz::gr,m,wo) 2VEV, (D,)S ] ( (o )"(gr ). az

wherea=1forI=0,¢=2/3forI1=1/2,and ¢ =1/2 for1> 1. Applying Eq. 11B and Eq. 12B to
Eq. (10) results in:

[ ~-1
exp{ gL, (1 L )}
Plolgry=| 1+42) [S7 " DNELSY: S o
p n (D ) SOVO a+(l_a) —”—g&—_ .
! 2JE(D,)SV,

This formula is applied in the computer code, PTANAL (see Appendix B). Note that (D,)/(D,), as

well as o, depends on the target spin. In general, since the known values of S are less certain than
those. of So, a set of probabilities was calculated for three different values of S; to access the
sensitivity of the calculated probabilities on the p-wave strength function. We note that, regardless
of the magnitude of the calculated probability, the / value of a resonance, as determined from
measurements, was not altered.

2. Assignment of Resonance Spins

Several methods to assign the spin J of a resonance from measurements are available. For
details, refer to {Mu81]. However, for weak and high-energy resonances, spins are difficult to
measure. For those resonarces, a method of random assignment is applied in the present study. The
probability that the spin is J; is calculated by:

N,  1/(p,)
P(J))== : 17
2N 21/(Pu) .



When we assume (2/+1) law, Eq. 17 becomes:

2J. +1
PUJ))= (__1_)__1_ )
221 +1) G,
With the above equation as the pdf, and on the basis of a random number, uniform in the [0,
interval, the J value of a resonance is assigned.



ILC. Unresolved Resonance Region
1. Determination of Average Level Spacings and Strength Functions

After the determination of / values for all resonances, the reduced neutron widths are analyzed
in terms of the Porter-Thomas distribution [Po 57] to obtain the average reduced neutron width, the
average level spacing and the neutron strength function for the unresolved resonance region. If the
number of measured resonances is large enough for a statistical sample, the distribution of reduced
neutron widths is analyzed in terms of the Porter-Thomas (PT) distribution.

-x/2

l
x= 8l (19)

(er2)

Its corresponding cumulative distribution function (cdf) is given by:

p(x)de =<

am

dx

>

PG) = [ pledac = erf(Vx72). (20)

This pdf'is exactly the same as Eq. 11B for s-wave resonances but slightly differs from Eq. 12B for
p-wave resonances. Figure 1 shows the complement distribution function, cdf, i.e. 1 — P(x),
corresponding to Eq. 12B for the p-wave case. Note that Eq. 12B is reduced to Eq. 19 forI =10
nuclide. Maximum relative difference of about 10% between I =0 and I > 1 cases is observed. Note
that the cdf for p-wave case corresponding to Eq. 12B is:

P(x)=a erf[ %)+(l—a){l-exp(—-§(—:—)}. 1)

For computational brevity, Eq. 20 was adopted in the analysis for both s- and p-wave
resonances. As will be described later, because of the small number of assigned p-wave resonances,
the average parameters obtained from such analysis have to be adjusted to reproduce the capture
cross sections in the unresolved resonance region in most cases. Thus an approximate model is
satisfactory for the fitting of p-wave reduced widths. However, derived rigorous cdf’s (Eq. 21) will
be implemented in a later version of the PTANAL program.

After sorting M measured /-wave reduced neutron widths in descending order, their
distribution is fitted to the complement distribution function, cdf, using the following model:

l+g, = N,{ 1- erf( grn’,/z(gl‘"’>)},
2+s, =N,{l— e;f(,/gr,fz /2(gr,{))},



m+z, = N,{ I- erf( ¢l /2(eT}) )} 22)

where A, is the number of ‘expected’ total number of /-wave resonances and (gI‘,ﬁ) is the average

reduced neutron width. Since resonances with small neutron widths are usually missed in
measurements, it is necessary to exclude resonances whose reduced widths are smaller than a certain
magnitude. Then the number of resonances is reduced to m from a total A/ measured resonances. By
setting a cutoff value, i.e. minimum magnitude of reduced width, the effect of missed small
resonances on the resulting average parameters is reduced significantly. The error term g is the

propagated error from gI"!, +& gT"s,, which is approximately calculated by:

gl
exp| —
2gT}
£ =M "L Sl ol = grh /M . (23)

‘, 27 gF,’,igr"

Now two parameters, N, and (gI‘,’,), are determined through the fitting procedure. The

Levenberg-Marquardt method [Pr86] is used in this analysis. For (D,) and <gI‘,’,) , the uncertainty
of each quantity consists of two parts:

8D;) _ JVar(?/) 0.52° and 5<81:5>= V""@‘Z»,, 2 (24)
N} N, en) | (Y M

The first term originates from the fitting, and the second term is the inherent uncertainty. The
variances of N, and <g1",’,> , as well as the covariance of these two parameters, are obtained from the

fitting analysis. The inherent uncertainty of (D,) is adopted from Wigner’s surmise [Wi57] and that
of (gI‘,f) from the Porter and Thomas distribution [Po56]. Note that the uncertainty of the level

spacing, obtained by Dyson and Mehta [Dy63], 6D,/D, =0.45/N-/InN +2.18 , is much smaller than

that obtained from Wigner’s surmise. The resulting neutron strength function with a known energy
interval AE becomes:

(sT)N,
'+ D)AE (25)
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Fig. 1. Complement cdf for p-wave Neutron Reduced Widths

The corresponding relative uncertainty of S; is:

Var(N,) , 2Cov(N,.(8T,)  Var({(gTL) | 0.52% +2

N} N, (el) (1)’ T, 9

58,
S

In most cases, analyzed in this work, the uncertainty due to the fitting is much smaller than the
inherent uncertainty.

11



2. Determination of Average Radiative Widths

Average radiative widths of neutron resonances are determined from measurements in the
resolved energy region by calculating the weighted, as well as unweighted, values. For nuclei with
unmeasured radiative widths, we called upon the systematic study of s-, p- and d-wave radiative
widths as a function of atomic mass number, as described in [Mu84]. In some cases, final adjustments
of the radiative widths were made in order to fit measured capture cross sections in the unresolved
energy region. In other cases, we were guided by the recent theoretical calculations of radiative
widths on the basis of giant dipole resonance [Mu99].

12



III. RESULTS AND DISCUSSION
ILA. Mo
1. Thermal Region

Positive-energy resolved resonance parameters and an effective scattering radius,
R’=7.0 fm, were adopted from Mughabghab’s BNL compilation [Mu81]. However, in the
resent evaluation, the parameters of a bound level were determined to reproduce a thermal
capture cross section of 13.6 b and a bound coherent scattering length of 6.93+0.06 fm [Ko87a,
Ko91]. A capture cross section of 13.6 b was obtained by weighting 14.0£0.5 b in the BNL
compilation and 13.410.3 b of Koester ef al. [Ko87a]. The derived bound level parameters are:
Eo=-26.8 ¢V, I'y= 126 meV, I',= 150 meV and J = 2. As shown in Table 2, the capture cross
sections from the various indicated sources are in good agreement with each other, within the
associated uncertainty limits. However, the present thermal scattering cross section is larger than
those reported in other evaluated libraries.

2. Resolved Resonance Parameters

Resonance parameters, extending to an energy of 2.14 keV, were adopted from the BNL
compilation [Mu81] with minor revisions. For resonances at energies of 1.3407, 1.4955, 1.5895,
1.7661 and 2.1301 keV for which neutron scattering widths are not quoted in the BNL
compilation, the 2gI', values were deduced from the total cross section measurement of natural
Mo [Wy68]. Because of the lack of data in the energy region 2.14-3.23 keV, resonances above
2.14 keV were not included in the present evaluation. Of a total of 55 resonances, 20 (including
12 identified in the BNL compilation) were assigned as s-wave resonances, whereas 35 (7
identified in the BNL compilation) were assigned as p-wave on the basis of Bayesian analysis.
Spins of resonances for which the spins were not determined were assigned randomly by
assuming that the level density is proportional to (2J+1). It is worth noting that Bayesian
analysis for the resonance at 630.0 eV with a relatively large neutron width (24 meV) suggests
s-wave assignment. On the other hand, this resonance is determined as a p-wave resonance by
measurements. Weighted averaging of the known twelve radiative widths, two of which are p-
wave resonances, resulted in an average value of 158+14 meV. However, because of the
importance of valence capture of p-wave resonances in this mass region [Mu71], we adopted a
radiative width of 180 meV for p-wave resonances [Mu76]. For s-wave resonances for which
radiative widths are unknown, a value of 150 meV was assumed.

The distribution of reduced neutron widths was analyzed by fitting the widths to a Porter-
Thomas distribution. Figure 2 shows the fit for the cumulative number of s-wave resonances
having a VgI', larger than the value indicated on the x-axis. None of the weak resonances was
excluded in the fitting procedure. The fit resulted in (Do) = 80.7+13.1 eV and (gI',") = 3.64+1.25
meV. These values yield s-wave strength function of So = 0.4540.16. The present (Do) is
consistent with the value of (80+25 eV) [Mu76], but not with 5518 eV [Mu81], 58+5 eV Zh92],
and 105+10 eV [Re98]. The S¢ value is consistent with Musgrove’s value (0.48+0.10), slightly
larger than that recommended in the BNL compilation (0.35+0.07) [Mu81], and smaller than

13



(0.60+0.10) [Re98]. For p-wave resonances, those with a gI',' value smaller than 25 meV were
excluded from the fitting procedure. The final fit, shown in Fig. 3, resulted in (D,) = 34.7+4.3
eV and S; = 6.54+1.68. The latter value is consistent with those reported in the BNL compilation
[Mu81] (7+2), Koester ef al. [Ko87b] (6.240.7), and Musgrove et al. [Mu76] (7.5+2.5).

3. Unresolved Resonance Parameters

The present unresolved resonance region covers the energy range up to 206.27 keV,
which corresponds to inelastic neutron scattering to the first excited level of Mo at 204.12 keV.
The average resonance parameters for s- p-, and d-wave resonances are provided. Since the
upper energy range of the unresolved region is relatively high, d-wave contribution is not
negligible. The level spacing varies with energy according to Gilbert-Cameron’s level density
formula with associated parameters adopted from Mughabghab and Dunford [Mu98a]. From the
(2J+1) dependence of the level density, level spacings of p- and d-waves were assumed to be 1/2
and 1/3 of that for the s-wave resonances, respectively.

In the unresolved resonance region, average capture cross section measurements of
Musgrove et al. [Mu76], which were comrected later by Allen e al. [Al82], and Kapchigashev
and Popov [Ka64] were considered in this evaluation. These two sets show good agreement with
each other. In the first attempt, we adopted values of (Do), So and S; deduced from the resolved
resonances, S; read from a spherical optical model calculation in the BNL compilation [Mu84],
and (I',) of 150 meV for s- and d-wave whereas 180 meV for p-wave resonances. The resulting
calculated capture cross section is larger by 10% to 15% than the measurements throughout the
whole energy region. Subsequently, (Do) was adjusted to 69.4 eV to obtain good agreement with
the measurements as shown in Fig. 4. Note that the present (Do) is twice that of {(D;) obtained
from the analysis of resolved p-wave resonances. The finalized parameters of the present study
are listed in the last column of Table 3. We note that unresolved resonance parameters were not
provided in the ENDF/B-VI and JEF-2.2 evaluations.

Maxwellian-averaged capture cross section for a temperature of 30 keV was computed as

336 mb. The integration was performed up to an energy of 206 keV. The present cross section
is compared with 292+12 mb [Wi87] (see Beer’s compilation [Be92]) and 380+50 mb [Mu81].

14



Table 2. Thermal Characteristics (°Mo)

BNL

98CRC

ENDF/

JENDL-

Quantity | Unit [Mugl1] [HoO8] B-VI JEF-2.2 39 Present
R’ fm 7.040.2 5.50 7.0 7.0 7.0
o, barn | 14.030.5 | 13.4+0.3 14.6 14.0 14.0 13.6
o5 barn 2.48 5.21 5.57 6.41
gw 0.9990 0.9987 0.9994 1.0000
RI- 1 bam 109+5 109+5 113 110 119 111

capt.

RI-total” | bam 291 306 334 315

*Westcott factor for capture cross section.

** Integrated from 0.5 eV to 100 keV with 1/E spectrum.

Table 3. Average Resonance Parameters for the Unresolved Resonance Region (*°Mo)

) Present
i ) BNL ENDF/ JENDL-
Quantity | Unit , JEF-2.2 . PT
[Mu81] B-VI 32 Analysis Adopted

R’ Fm 7.0+0.2 6.68 7.0
Do) eV 55+8 78.86 |80.7+13.1| 694"

So x107™* | 0.35+0.07 037 0.4540.16 0.45
Tyo) meV 160+20 232 150
Oy eV 39.43 34.7+43 347"

S x107* 7+2 548 | 6.54+1.68 6.54
dTyv meV 232 180
D>) eV 26.29 231"

S, x10™ 0.365 1.70
{Ty2) meV 232 150

* Average parameters at the low energy range of the unresolved region (2.04 keV).

** Value at the neutron separation energy of **Mo.

15
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A1L. D, icC

1. Thermal Region

The thermal capture cross section at 0.0253 eV (2200 m/sec) and the bound coherent
scattering amplitude were adopted from the BNL compilation [Mu81]. The capture cross section
recently measured by Harada ez al. [Ha95] was not considered since it was based on an incorrect

100
half-life of " I'c. Harada ef al. used 15.5 sec, while the recent recommended value is 15.8 sec

[Au95]. A bound level was invoked to fit a coherent scattering amplitude of 5’ = 6.8+ 0.3 fm
{Mu81] and the thermal capture cross section {Mu81]. To determine the parameters of the bound
level, a potential scattering radius of R’ = 7.0 fm, based on systematics study and optical model
calculations [Mu84], was applied in the analysis. The resulting parameters are: Eo= -20.318
eV,J=4,T,=355 meV, and I', = 109.5 meV. Table 4 summarizes the present calculated
thermal values which are compared with previous evaluations. The calculated Westcott factor
for canture is gw = 1.0036

LI apPiiC s sw — 2.WV20.
” D =z - o
& N SUIVW OOULIAIG I'dl allX 13

The BNL resonance parameter compilation of *Tc [Mu81] is based on availabie
measurements prior to 1981, Recent measurements carried out at Geel by the Saclay group
[Gu97, Ra97] reported resonance parameters up to 600 eV. This information was incorporated
in the present evaluation. Because resonances above an energy of 1000 eV are not resolved, the
upper energy of the resolved resonance region was set at this energy. The favored spin of the
first resonance at 5.61 eV is 5. Since snins of other resonances were not determined

add S S lidve S 22235 Sppiiie U RIS 2RSRIGIN L 22005 LSRRl 22AN%

experimentally, these were assigned randomly on the basis of the 2J+1 law for the density of
rcsonances. rlgii‘r‘é S uxspuays the result of the Porter-Thomas distribution a.ﬁalySlS of reduced
neutron widths, on the assumptxon that all resonances are treated as s-wave levels. Note that
below 0.01 (eV)‘ 2 there is an excess of weak resonances, indicating the presence of p-wave
resonances. With thxs cutoff value, the analysis was carried out (Fig. 6), leading to an average s-
wave level spacing, Dy =154+2.0 eV, and an s-wave strength function, So = 0.43+0.10.
Angular momentum assignments (/= 0, 1) were carried out with the help of Bayesian

methodology. Figure 7 displays the Porter-Thomas distribution for p-wave resonances. For a

_£r . STz 1/2 anl2 o, sy wra
cutoff value of (51" ) >0.13 ( V) , WC obtain the fuhuwn ng valuca Dl =601+09 eV and Sl

=7.3+£1.6. The latter value is consistent with optical model calculation [Mu84]. A comparison
between the present average resonance parameters and previous evaluations is shown in Table 5.

Special attention was paid to the evaluation of the radiative width of the first positive-
oy resonance at S. (Q n‘/ Oin the I'\oc|e nP recent rr:-n071 anr‘ P\rn‘nnnc n:'.‘7§2 Wa7n1

O™
Ullvl 5J 1woviiailvw ot v . Wik Wiiwv VAo 2 Vvl

measurements, we obtain I'y = 140 meV for this resonance.
3. Unresolved Resonance Parameters

We set the boundary between the resolved and unresolved energy regions at 991 eV.
Since the first excited level of Tc is 140.5108 keV, the upper limit of the unresolved resonance
region was set to 141.94 keV.



Three capture cross section measurements [Ch73, Li77, Ma82] are relevant to the
unresolved energy region. When compared with the ORNL data [Ma82a], the RPI data [Li77] is
high while the KFK data [Ch73] is low. As a starting point, the parameters obtained from the
Porter-Thomas analysis in the resolved energy region were applied in the unresolved energy
region. In addition, the average p-wave radiative width and the d-wave strength function are
obtained from the systematics investigations [Mu84]. An energy-dependent level spacing with
the relevant parameters of Mughabghab and Dunford [Mu98a], as well as a spin dispersion
parameter of 2.8 [Mu98b], were applied in the calculation of the capture cross section. To fit the
ORNL data [Ma82a], the average s-wave radiative width was adjusted from 173 meV to 130
meV. This value is consistent, within the error limits, with 115+17 meV determined by
Macklin [Ma82a]. In addition, an adjustment of the p-wave strength function was made from a
value of 7.3 10 6.0.

The final unresolved resonance parameters are listed in Table 6 and are compared with
existing evaluated data files. The present parameters are also compared with those
recommended in RIPL [Re98]: <D¢>=12.8+ 1.8 ¢V, Sp= 0.48+0.07, and <I',¢>=160+ 50 meV.
The capture cross section constructed with the present average parameters is shown in Fig. 8.

Maxwellian average capture cross section for a temperature of 30 keV was calculated by
the INTER computer code as 795 mb, which is consistent with a value of 782 + 40 mb reported
in Beer’s compilation [Be92]. The calculation is performed up to 1 MeV with the aid of
supplementary capture cross section in the energy region from 141.94 keV to 1 MeV, imported
from ENDF/B-VI. '

Table 4. Thermal Characteristics (°Tc)

Quantity |  Unit [Ll?il:ih] ?51538(]: ENI\)/E/B' JEF-2.2 JEI;IZDL- Present
R' fm 6.0£0.5 - 791 6.0 6.0 7.0
b' fm 68+03 | 6.8+03 7.38 5.22 6.75
o, barn 20+1 232 19.6 19.1 19.6 20.0
o, barn - - 6.88 3.54 3.43 5.81

Rl-capt. barn 340+20 | 400%40 350 304 312 312

Table 5. Parameters of the 5.58 eV Resonance of > Tc¢

. BNL ENDF/B- Gunsing
Parameter Unit [Mus1] VI* JENDL-3.2 [Gu97] Present
gr, meV 1.755 2.25 1.885 1.864 1.806
T, meV 177+18 134 168.1 149.2 140

* ENDF/B-VI uses a bound resonance at 6.4 eV.

20



Table 6. Average Resonance Parameters for Unresolved Resonance Region (*Tc)

4 Present
Quantity | Unit |CNDE/B-| pppa, | JENDL- | BNL PT
VI 32 [Mu81] Analysis Adopted
R fm 7.91 6.80 6216 | 6.0+05 7.00
<D,> eV 12.1 18.34 206 |107+18| 154£20 | 154"
S, <10~ 0.43 0.55 0.54° 0'45§ 0.0 1943+010| 043
<T,> meV 122 131 187 160 130
<D > eV 6.10 9.49 10.2 6.0+09 | 7.68"
S, x10™* 3.88 8.94 5.52° 73116 6.0
<T, > meV 122 131 187 140
<D, > eV - 6.70 6.86 525
S, x10™* - 0.55 0.64" 1.0
<, > meV - 131 187 130
* Value at the low energy (4.219 keV) range of the unresolved resonance region
** Value at the neutron separation energy of '*Tc.
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IILC. " Ru
1. Thermal Region

A capture cross section of 3.45 b is computed at 0.0253 eV from the present evaluation of
the resonance parameters. This value is consistent with Halperin’s measurement [Ha65], which
yields 6,= 3.0 b, and with Mughabghab’s BNL compilation [Mu81}, 6,=3.4+0.9 b. The former
value is obtained by correcting for reactor neutrons by using a resonance integral of 100 b as
calculated from the resonance parameters. Bound levels are not required to describe the capture
cross section at thermal energies. A comparison of our thermal cross sections, as well as
resonance integrals, with other evaluations is made in Table 7.

2. Resolved Resonance Parameters

Measurement by Anufriev ef al. [An85] in the energy region from thermal energy to 1720
eV, which was not cited in the BNL compilation [Mu81], was included in the present evaluation.
In addition, weak observed resonances, identified as belonging to '*’Ru, were included in the
present evaluation. Because of poor energy resolution [An85], the resonance parameters above
62 eV were not considered. Above this energy, the resonance parameters of the BNL
compilation were adopted. Because of lack of measurements in the energy region from 1.035 to
2.661 keV, Macklin and Halperin’s [Ma80] resolved resonance parameters above 2.6 keV were
not included in this evaluation.

The average radiative width, calculated from the known 11 radiative widths below 1.035
keV, is 184110 meV; this value was assumed for resonances with unreported radiative widths.
This average is consistent with the values, 180+15 meV reported in the BNL compilation,
187+16 meV, determined by Macklin and Halperin {Ma80] for 10 resonances in the energy
region 2.874-4.433 keV, and 175 meV of Popov ef al. [Po79]. However, it is smaller than
219%19 meV determined by Anufriev ef al. [An85]. Of a total of 48 resonances, 41 were
assigned as s-wave and 7 as p-wave from the Bayesian analysis. Resonance spins were assigned
randomly on the basis of the (2J+1) dependence of the level density to resonances for which the
spin was not determined.

The distribution of reduced neutron widths was analyzed by fitting the widths to the
Porter-Thomas distribution. As shown in Fig. 9 none of the weak resonances was excluded from
the fitting. The fit resulted in (Do) = 19.3+1.8 eV and (gl.’) = 1.2140.28 meV. These values
yield s-wave strength function of Sp = 0.6240.15. The present (Do) is consistent with values
reported in the BNL compilation (D = 1622 eV), RIPL [Re98] (1813 eV), and Popov ef al.
[Po79] (1812 eV). The S, value is consistent with those of Macklin and Halperin [Ma80]
(0.5910.04) and Popov et al. [P079] (0.61+0.13). However, it is somewhat larger than the values
quoted in the BNL compilation (0.5410.04), RIPL [Re98] (0.5610.05), and Anufriev et al.
[An85] (0.54740.015). For p-wave resonances, a fit to the Porter-Thomas distribution yielded
unreliable results due to the limited number of assigned p-wave resonances.
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3. Unresolved Resonance Parameters

The present unresolved resonance region covers the energy range from 1.035 keV to
128.49 keV. The latter ene'rgy corresponds to the threshold energy of inelastic neutron scattering
to the first excited level of '*'Ru. In this region, the average resonance parameters for s-, p- and
d-wave were provided. Since the upper energy of the unresolved resonance region is relatively

. e e . . bl . 7
high, d-wave contribution is not negllglble An energy-dependent level spacmg accordmg to

Vo | PRy . FEGEIga PR Aoty Lacemacala wx-tt¢hh aco~nin PP P Lahalkale
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and Dunford [Mu98a] was applied in the calculations. On the basis of the (2J+1) dependence of
the ievel density, level spacings for p- and d-waves were assumed to be 1/2 and 1/3 of the s-wave
spacing, respectively.

The average capture cross section measurement by Macklin and Ilalpeﬁn [Mag0],
corrected later by Macklin and Winters [Ma81], was considered in this evaluation. As a first

attempt in the evaluation of the capture cross section the following parameters were

Levewaa BawHwaSia bt Zhd ot LR SRR, PACS AN P ariiaile

implemented: 1) (Do) and S, values which were derived from resolved resonances; 2) S; and S;
values of Mackiin and Halperin; and 3) (I'y) = 184 meV for s-, p- and d-wave resonances. These
parameters resulted in a calculated capture cross section which is in good agreement with the
measurement [Ma80, Ma81] below 100 keV, but above 100 keV 5% it is larger than the
measurement. Subsequently, to achieve an improved fit at the high energy, S; was reduced to
1.2. This S; value is consistent with reported measured values in the mass region around A=100
[Mu84, Fig. 5]. The finalized parameters of the present evaluation are listed in Table 8. The
capture cross section data and the final calculated fit are shown in Fig. 10.

Maxwellian-averaged capture cross section for a temperature of 30 keV was computed as
970 mb. In the INTER calculation up to 1 MeV, the capture cross sections for the energy region
from 127 keV to 1 MeV were adopted from the ENDF/B-VI evaluation. The present cross
section is compared with 99640 mb reported in Beer’s compilation [Be92] and 1011 mb in the

BNL compilation [Mu81].

Table 7. Thermal Characteristics (*°'Ru)
. . BNL 98CRC | ENDF/ JENDL-

Quantity | Unit Compilation | [Ho98] B-VI JEF-2.2 3.2 Present
R’ fm 5.617 6.9 6.1 6.53
oy barn 3.440.9 5+1 3.43 3.41 3.36 3.45
o; barn 3.23 5.05 3.74 4.50
gw 1.003 1.001 1.001 1.0016

calg barn 10020 | 110430 111 111 100 111

Ri-total” | barn 184 200 173 200

* Westcott factor for capture cross section.

** Integrated from 0.5 eV to 100 keV with 1/E spectrum.

N
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Table 8. Average Resonance Parameters for the Unresolved Resonance Region (*°'Ru)

. . BNL JENDL- Present
Quantity | Unit [Mu81] ENDF/VI | JEF-2.2 3.0 Ang .. | Adopted
R’ fm 5.617 6.90 5.062 6.53
Do) eV ** 20.42 18.29 25.58 19.3+1.8 19.3*
So x107™* | 0.5410.04 0.59 0.59 0.59 0.6240.15 0.62

Ty0) | meV | 180+15 | 180 180.3 173 183.7
D) eV 8.75 9.53 12.79 9.65*
S x10™* | 6.1+0.4 6.00 6.10 6.10 6.10

Ty1) | meV 180 190.4 173 183.7

D32) eV 6.30 6.76 8.53 6.43"
S, x107* 2.00 1.12 0.53 1.20

Ty2) | meV 180 180.3 173 183.7

* Average parameters at the low energy (1.06 keV) of the unresolved region.
** mean observed level spacing = 1612 eV.
+value at the neutron separation energy of '*Ru.
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1. Thermal Region

Known positive-energy neutron resonances account for the thermal capture cross section
[Mu81}, but not the bound coherent scattering length, 5’ = 5.8840.04 fin, reported by Koester
[Ko91]. On this basis, a bound level is postulated to account for the discrepancy in the coherent
scattering Iength. This is achieved by decreasing the radiative width of the first resonance at
1.259 eV from 154 meV to 151 meV. This provides about 2.25 barns of capture contribution for
the bound level. With this condition, the parameters of a bound level are determined as: E¢=-55
eV, I'x= 101 meV, and I,= 160 meV. In this calculation, an effective scattering radius of 6.56
fm was adopted from the work of Ribon [Ri70]. The Westcott factor for capture is calculated as

l 077Q Tha tharmal srharastarictice ara @ 17ad 1 ad 1
Nady, 10NC uiermai Cnaracierisiics are sumimarizeg in Tab!e 9 and are CGmﬁafw ‘v‘v'}th Gther

evaluations.
2. Resolved resonance parameters

Transmission data of Ribon [Ri70] at Saclay covered the energy region up to 4140 eV.
In addition, the capture data of Carlson [Ca71b] covered the energy region up to 989 eV.
Macklin [Ma80] reported parameters from capture measurements in the energy region from 2644
to 4163 eV. The upper limit of the present resolved resonance region is set to 4.116 keV.

According to Macklin [Ma80], there is a problem with Ribon's energy scale [Ri70]. In
this evaluation, correiation analysis between Mackliin's energies and those of Ribon show that the
time of flights are related by:

t=0.99906891+6.0584518x107°¢,,,

We note that Macklin's gI', values are about 1.5 times larger than those of Ribon in the
overlapping energy regions. On the other hand, there is good agreement between Ribon’s and
Carlson's gI', values. Because of these considerations, Macklin's scattering widths are not
included in the present evaluation. This is additionally supported by the observation that the
derived average parameters, So, Si, and S; [Ma80] are about a factor 1.5 larger than the

corresnonding values obtained from the svstematics studies Wuvl} However, we adopted

VUL VOPUISMRLIE VRIWLD UULbdlive Aai W J OVVRLIGUIVS  Sreleivo va AA VY Sw Uy

Macklin’s energy scale.

The / assignments were performed by the Bayesian method. For all observed resonances,
the resulting cumulative Porter-Thomas distributions are displayed in Fig. 11. For s- and p-wave
- resonances, the fits are shown in Fig. 12 and Fig. 13, respectively. The average resonance
parameters for s- and p-wave resonances, derived from this analysis, are summarized in Table 10
and are compared with [Mu81], as well as other evaluations.

W
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resonance region is set to 40.15 keV.



With the exception of minor adjustments in the s-wave radiative width and the p-wave
strength function, the average resonance properties, obtained from the analysis of the resolved
energy region, were adopted. The level spacing is assumed to vary with energy and spin
according to the Gilbert-Cameron's level density formula; the associated parameters [Mu98a]
and spin dispersion parameter of 3.1 were adopted from [Mu98b]. The average p-wave radiative
width and the d-wave average parameters, assumed in this evaluation, are based on the
systematics investigation [Mu84]. The capture cross section in the unresolved energy region,
generated on the basis of the present average parameters, listed in the last column of Table 10, is
shown in Fig. 14. In the present evaluation, the capture data by Wisshak ef al. at Karlsruhe
[Wi90] and Bokhovko at Obninsk [Bo85] were considered. Earlier measurements were reported
in the curve book of McLane et al. [Mc88]. The calculated capture cross section of the present
study shows good agreement with the recent data of [Wi90] up to 100 keV.

Maxwellian average capture cross section for a temperature of 30 keV for the energy

region 10” eV to 225 keV was computed as 809 mb. This is in excellent agreement with a value
of 810 + 15 mb [Be92].

Table 9. Thermal Characteristics (‘*>Rh)

Quantity Unit U\]/BIE;] ENI\)/II:/B' JEF-2.2 |JENDL-3.2 | Present
R fm 62403 7.09 6.20 6.20 6.56
b fm 5.0+0.1 6.13 5.88
oy barns 145+2 147 146 147 145
o; barns 4.69 3.43 3.28 437

RI-capt. barns 1100+ 50 1035 1035 1040 1036
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Table 10. Average Resonance Parameters in Unresolved Resonance Region (**Rh)

Value | Unit | PNOVB | jppa) Bl [ﬁNa] o Preen!
' ) Analysis Adopted
R fm 7.09 (gzgg;c (6§5€OI)C 6.2+0.3 6.56
<D, > Y 10.12 25.77 32.13* 16+1 | 286+1.6 | 286
S, x107 0.43 0.485 0.445 |0.53%+0.05{0.57+0.09| 0.57
<T,o> | mev 153 16125 | 230 160+ 15 170
<D > eV 13.5 11.86 14.28* 14506 | 14.3¢
S, x107 5.6 6.332 4.15 55+09 | 50+06 | 481
<I,> | meV 153 161.25 230 150
<D, > eV 7.52 8.57" 9.48¢
S, x10™* 0.595 0.53 1.0
<l,,>| meV 161.25 230 140

a) Value at the low energy (3.58 keV) of the unresolved resonance region.

b) For the resolved energy region.

c) For the unresolved energy region.
d) Value at the neutron separation energy of '®Rh.
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1. Thermal Region

An evaluated thermal capture cross section of '“Pd, o, = 20.8 b, was obtained by taking
a weighted average of 22.0+1.5 b [Bu82] and 20.4+0.9 b. The latter was derived by subtracting
the isotopic contributions from a value of 6.610.1 b for the natural element [An80] Since the
contribution of pOSulv'e €neigy resonances to the thermal capture Cross section at 0.0253 eV is
only 2.3 b, one or more s-wave bound levels are required to fit the thermal capture cross section.
An examination of the gamma-ray spectra of thermal neutrons [Or70] indicates that two bound
levels with spins 2 and 3 and about equal contribution to the thermal capture cross section are
required. As a starting point in the fitting procedure, we adopted Glaettli ef al’s [GI87]
incoherent scattering length, b. —b_= -5.243.8 fm, and a coherent scattering length, b = 7.3 fm,
by the subtraction method. However, with these values it was not possible to obtain consistent

results. Final adiustments nnnnir\n"v in the incoherent scatterino lenoth had to be made. The

A R2ak: GsjeTiivaRL y praiavap 281 Laaw aaa Awi WAl SwRitwaliis AWiin bl diGNe VU UV alGwew.

bound level parameters are presented in Table 11. With these parameters, Gcon=7.263 b
(=7.61 fm), Ginc = 0.052 b (bs —b_=~1.3 fm), and 5," = 20.9 b. Comparisons of the thermal
cross sections and resonance integrals of the present evaluation with those of ENDF/B-VI, JEF-2
and JENDL-3 are summarized in Table 12. Note the large difference between the present
evaluation of the scattering cross section and those in the other evaluations.
2. Resolved Resonance Parameters
Resonance parameters measured uy Staveloz et al. [St79] were adopted in this evaluation.

These preliminary results were the main source in Mughabghab’s BNL compilation in 1981
[Mu81]. Of a total of 198 positive-energy resonances, 141 resonances were assigned as s-wave
and 57 as p-wave on the basis of the Bayesian analysis. Uncertainty-weighted averaging of 70
radiative widths, which were reported by Staveloz ef al. [St79], resulted in an average value of
148+4 meV; this value was assumed for the remaining resonances. Resonance spins were
assigned randomly to those resonances for which the spin ‘had not been determined. This random

qoionmant naanimac that tha laval dangity 1a nranartinnal ¢4 (2T.L1)
“olslllll\vlll ADULLIVO LAl LIV IVVVI Ui ID .y ) Pl UPUI wuviial w \LJ ' ll

The distributions of s- and p-wave reduced neutron widths were analyzed by fitting to a
Porter-Thomas distribution. For the s-wave case, resonances with reduced widths smaller than
0.08 meV were excluded in the fitting procedure to minimize the x* value. In Fig. 15, the fit to
the data resulted in (Do) = 10.324+0.47 eV and (gI',°) = 0.68+0.08 meV. These values yield s-
wave strength function of S¢= 0.6610.08. The present (Do) is consistent with values reported by

Ce al~ rc+707 DNIT 1N NLN MA.O1 nAd DD IDAQQY 71N 24N Tha
OtaVClUL Ul W LoL/7 7}, iNL, UUllllJlldLlUll \I.U Viuv. J} llVluO lJ, ailld nurs ll\C7OJ \iv.olvu. J} 111C

. present S is consistent with those reported in the BNL compilation (0.610.1), RIPL (0.6010.05),
and by Staveloz et al. (0.63+0.07). In addition, the possible deviation from a Porter-Thomas
distribution with one degree of freedom was investigated. Pandita and Agrawal [Pa92]
calculated v as 1.69 for this nuclide and suggested that intermediate structure is a possible reason

far o Adaviatinn fn a Partar_.Thamae dictrihntian /\p—l Hawavar ac danistad Ihe 1£
AVi a uwvialivil uUlll a 1 Ull\rl lllUlllab Wiotl ivuuivil V—l.l LAVVWLVYWE, QO Ublll\dlvw lll .lls. AUy

concentration of strength in the considered energy region was not observed. Even though the
fitting with v=2 (Fig. 17) seems slightly better than that for v=1, the latter was adopted in the
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present evaluation. For the p-wave population, resonances for which the reduced widths are
smaller than 15 meV were excluded in the fitting (Fig. 18). This procedure resulted in
D;)=5.0740.76 eV and S; = 4.56+1.00. This p-wave level spacing is consistent with other
evaluations. The derived p-wave strength function is also consistent, within the associated
uncertainty range, with values of 5.8+0.3 in the BNL compilation [Mu81] and 4.140.4 of Koester

[Ko87].
3. Unresolved Resonance Parameters

The present unresolved energy region extends to 283.2 keV, which corresponds to the
threshold energy of inelastic neutron scattering to the first excited level of 1°Pd at 280.51 keV.
In this region, average capture cross sections measured by Macklin et al. [Ma81, Ma79], and
Cornelis ef al. [Co82] were taken into consideration. These two data sets show good agreement
with each other.

For this isotope, s-, p- and d-wave average resonance parameters were provided. Since
the upper energy is relatively high, d-wave contribution is not negligible. The level spacing is
assumed to vary with energy according to Gilbert-Cameron level density formula in which the
associated parameters were adopted from Mughabghab and Dunford [Mu98a]. From the (2J+1)
dependence of level density, spacings of p- and d-wave resonances were assumed to be 1/2 and
1/3 of the s-wave spacing, respectively. In the calculation of the capture cross-section, the
following parameters were initially applied: 1) (Do) and S, values which were deduced from the
resolved resonances; 2) S; which was adopted from the BNL compilation; 3) S, which was
assumed to be the same as So; and 4) a (I'y) of 148 meV for s-, p- and d-waves. These
parameters resulted in a calculated cross section, which is larger by about 15% at the low energy
region and lower by a few % at the high region than the measurements. Subsequently, to obtain
good agreement with the measurements, So and S; were adjusted to the values listed in Table 13.
The resulting calculated capture cross section is shown in Fig. 19.

Maxwellian-averaged capture cross section for a temperature of 30 keV was computed as
1.19 b. This value is in excellent agreement with 1.20+0.06 b [Be92] and 1.19 b in the BNL
compilation [Mu81].

Table 11. Bound Level Resonance Parameters (‘*Pd)

Energy (V) / and Resonance Spin Scattering Width Capture Width

(meV) (meV)
-29.64 =0, J=2.0 173.0 148.0
~15.84 1=0, J=3.0 25.68 148.0
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Table 12. Thermal Characteristics (**’Pd)

: ) BNL 98CRC ENDF/ JENDL-

Quantity | Unit Mus1] [Ho98] B-VI JEF-2.2 32 Present
R’ fm 6.6+0.3 6.60 6.695 7.05 6.60
o, barn | 20.0+3.0 22+2 | 201 21.8 20.3 20.9
o barn 5.040.6 5.01 5.22 5.13 736
gw 0.9973 0.9951 0.9986 0.9995

c::lt'.. barn | 622 60420 111 93.1 96.8 95.2
"] b 200 175 168 186
RI-total am

* Westcott factor for capture cross section.

** Integrated from 0.5 eV to 100 keV with 1/E spectrum.

Table 13. Average Resonance Parameters for the Unresolved Resonance Region (‘’Pd)

Present
) ) BNL ENDF/ JENDL-
Quantity | Unit R JEF-2.2 . PT

[Mu81] B-VI 3.2 Analysis Adopted

R’ fm 6.6+0.2 6.695 4.60 6.6
0.3240. .

Do) eV 10.0+0.5 10.3 5.30 ! 327 4 10.3

-4

So x10 0.620.1 0.58 0.60 0.66:40.08 0.50

o) meV 14518 155 145 148
D1 eV 5.16 2.65 5.0740.76 5.16
S x10* | 5.8403 4.80 5.80 4.56+1.00 5.80

Ty1) meV 155 145 148
D7) eV 3.44 1.77 3.43"
S, x107 0.60 0.98 0.80

Ty2) meV 155 145 148

* Average parameters at the low energy end (2.049 keV) of the unresolved region.
** Value at the neutron separation energy of '*Pd.
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Fig. 17. Complement of the Cumulative Distribution of Neutron Reduced Widths ( '®Pd, s-wave: fitted with the degree of freedom of 2)
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IILF. '®Ag
1. Thermal Region

The resolved resonance parameters in the energy region from 5.9 eV to 2.5 keV, as well
as the effective scattering radius, R’ = 6.6 fm, were adopted from the BNL compilation [Mu81].
Since positive energy resonances account for the thermal capture cross section and the spin-
dependent coherent scattering amplitudes, no bound levels are required. As shown in Table 14,
only minor differences exist between the present thermal cross sections, those reported in the
BNL compilation [Mu81], and existing evaluated libraries.

2. Resolved Resonance Region

To resolve a discrepancy in the existing cross section measurements of ' Ag, several new
measurements, which reported resonance parameter information since the BNL compilation
[Mu81], were carried out [Ma82], [Mi83], [C0o97], and [Lo97]. These data were incorporated
partially in the ENDF/B-VI revision and JENDL-3. In the present evaluation, the parameters of
neutron resonances up to 2.506 keV were basically adopted from the BNL compilation [Mu81].
Below this energy region, the spin assignments of Corvi ef al. [Co97] and the neutron widths of
Lowie et al. [Lo97] were adopted. The resonance parameters from 2.6 keV to 5.0 keV are based
on the data of Macklin [Ma82b] and Mizumoto et al. [Mi83]. Even though individual resonance
parameters were reported [Ma82b, Mi83] up to 7 keV, the upper energy region of the resolved
energy region was set to 4.996 keV in this evaluation. Above 5 keV, the cross sections are
represented by average resonance parameters.

For weak resonances in the energy region from 2.5 keV to 5.0 keV, the glI', values were
calculated from the reported capture areas [Ma82b] for an assumed spin statistical factor, g, and
an assumed constant radiative width of 143 meV. In this procedure, consistency, within the
quoted uncertainties, was achieved with the parameters of Mizumoto ef al. [Mi83]. For strong
resonances, the scattering widths of Mizomoto ez al. were adopted. In some favorable cases, the
capture areas [Ma82b] were combined with the transmission data [Mi83] to deduce spins of
resonances. Of a total number of 307 resonances, 236 were assigned as /=0 and the remaining as
I=1 by Bayesian analysis. Resonance spins were assigned randomly to those resonances for
which the spin is not reported in the BNL compilation [Mu81], Lowie ef al [L097], or
determined in the present analysis. The weighted-average value of the radiative widths of 21 s-
wave resonances was calculated as 129.9+2.6 meV, which is in very good agreement with that in

the BNL compilation (130 meV) [Mu81] and RIPL (130+20 meV) [Re98].

The distributions of reduced neutron widths for s- and p-wave resonances were analyzed
in terms of the Porter-Thomas distribution. For the s-wave case, those resonances with reduced
neutron widths less than 0.4 meV were excluded in order to obtain a good fit. The resuit of the
analysis, depicted in Fig. 20, shows that there is a surplus of s-wave resonances with reduced
widths in the range of 0.1 meV — 0.4 meV, possibly belonging to the /=1 population. However,
as shown in Fig. 21, the staircase plot suggests that there is a minor, if any, spurious p-wave
resonances. The Porter-Thomas fitting resulted in (Do) = 20.0+0.8 eV and (gl ) = 1.0410.10
meV. These values yield s-wave strength function of So= 0.52+0.05. The present (D) value is
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consistent with 20+2 eV [Mi83] but is much larger than the values, 14+2 eV [Mu81] and
15.1£1.4 eV [Re98]. The present S; is in good agreement, within the uncertainty limits, with
reported values: 0.46+0.15 [Mu81], 0.451+0.05 [Mi83], but not with 0.75+0.08 [Re98]. For p-

wave resonances, the fi ttmg analvmq with a cutoff of 11.5 meV for the p-wave reduced width,

resulted in (Dl) = 10.5+2.1 eV and S; = 1.31+0.29 (Flg 22) Even though the level spacmg
seems to be reasonable, the p-wave auengun function is quuc low in this mass rcglun
(S1=13.840.6) [Mu81]. It may stem from the fact that some strong to medium-strong resonances,

assigned as s-wave by the Bayesian analysis, may in fact be p-wave resonances.
3. Unresolved Resonance Region

In the unresolved energy region, 5 keV-88.8 keV, the average capture cross section
measured uy Macklin [N |_1v1ao;.u J was aquu‘:u as the reference cross section. The cross section
measurements of Bokhovko et al. [Bo87] and Mizumoto et al. [Mi83] show relatively good
agreement with Macklin's measurements. Earlier measurements reported in the Neutron Cross
Section Curves [Mc88] are discrepant with these three measurements. Since the d-wave strength
function has a minimum value in this mass region [Mu81] the small d-wave contribution to the
capture cross section below 88 keV, was not included in the analysis of 19 Ag. The average

resonance parameters which were applied in the present calculation are listed in the last column
of Tahle 18, We adonted S; value which was increased hv its uncertaintv to rmnrnve the fit.

- ae P V& a22%-22 aaalwin WS W 2eS SRAAVNA NGNS

From the (2J+1)- exp{-(J+1/2)2/20' } dependence of the level spacing, the average level spacing
of p-wave is caiculated as 1/2.005 of the s-wave spacing for a spin dispersion parameter ¢ =3.2
[Mu98b]. The adopted average gamma width is obtained by weighting Macklin’s value of
14616 meV [Ma82b] and a value of 129.9+2.6 meV derived from resolved resonances. Figure
23 compares our calculated capture cross section with measurements [Bo87, Mi83, Ma82b], as
well as the ENDF/B-VI evaluation.

Maxwellian—averaged capture Cross section for a temperature of 30 keV was computed as
787 mb. In extending the energy region up to 1 MeV, the capture cross-section in the region 88.8

keV to 1 MeV was adopted from the ENDF/B-VI evaluation. The present computed cross
section is to be compared with a value of 779+23 mb [Be92].
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Table 14. Thermal Characteristics ("*Ag)

98CR

) i BNL ENDF/ JENDL- | LIPAR-5
Quantity | Unit C R JEF-2.2 Present

[Mu81] (Ho98] B-VI 3.2 [Ab97]
R’ fm | 6.630.2 6.60 6.60 7.05 6.60
o, barn | 91.0+1.0 | 91.2 91.0 90.8 90.5 90.7 90.8
o barn | 2.55+0.06 225 2.30 2.48 242 .| 212
gw 1.006 1.005 1.005 1.0050 | 1.0053
caft'u barn | 1400+400 | 1480 1471 1473 1470 1467 1476
Rl-total”” | barn 1691 1690 1689 1691

* Westcott factor for capture cross section.

** Integrated from 0.5 eV to 100 keV with 1/E spectrum.

Table 15. Average Resonance Parameters for the Unresolved Resonance Region (*®Ag)

Present
Quantity | Unit | 2o "\ JEF-22 JENDL [131:;41] Anl:]Ty | Adopted
(U%’R) fm 6.30 6.618 | 6.6+0.2 6.60
Do) eV 16.07 19.40 1442 20.008 | 200"
So x107* 0.64 0.54 | 0.4610.15 | 0.5240.05 0.57
(Tyo) meV 132.3 130 130 133
D) eV 7.379 8.621 10.542.1 9.97"
S x10™ 3.95 4263 | 3.8106 | 1.3140.29 3.0
) meV 132.2 130 133
(D2 eV 4.664 5.173
Sz x10™* 25 0.53
Ty2) meV 132.2 130

* Average parameters at the low energy (7.01 keV) of the unresolved region.
** Value at the neutron separation energy of ''’Ag.
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ILG. “'Xe
1. Thermal Region

To reproduce a thermal capture cross section of 90 b, a bound level was stipulated. This
capture cross-section was obtained by subtracting the isotopic contributions (mainly '**Xe and
B1Xe) from the natural element thermal capture cross section of 23.9+1.2 b [Mu81]. An
effective potential scattering radius, R’= 5.4 fm, was adopted from a deformed optical model
calculation reported in the BNL compilation [Mu81, Fig. 1]. The resonance parameters of the
bound level were determined as: Eo=-26.65 eV, J=2, I';=303.5 meV, and I';= 112 meV. The
contribution of a bound level to the thermal capture cross section was calculated as 22.1b. A
comparison between the present thermal cross sections, as well as resonance capture and total
integrals, with those of ENDF/B-VI, JEF-2 and JENDL-3 is presented in Table 16. While there
is general agreement among the various evaluated thermal capture cross sections, discrepancies
in the evaluated scattering cross sections exist. The capture resonance integral of the ENDF/B-
VI evaluation deviates from those of the present evaluation, JEF-2.2, JENDL-3.2, and the BNL
compilation [Mu81].

2. Resolved Resonance Parameters

The resolved resonance parameters were adopted from the measurement of Ribon [Ri69].
On the basis of reported I and 2agl,, where a is the abundance of Xe isotopes, five resonances
at energies of 339.0, 703.5, 1380.3, 1891.0, and 2234.3 eV were assigned to *'Xe in the present
study, in addition to the 41 resonances identified by Ribon for *'Xe. A p-wave resonance at 3.2
eV [Sk96] was included in the present evaluation. The present resolved energy region extends
t0 3.95 keV. Of a total of 47 positive-energy resonances, 45 were assigned as s-wave and 2 as p-
wave resonances by Bayasian analysis. Spins were assigned randomly to resonances for which
the spin is unknown. This random assignment assumes that the level density is proportional to
(2J+1). The uncertainty-weighted averaging of 10 determined radiative widths resulted in an
average value of 112+11 meV. This average value was assumed for those resonances for which
radiative widths are unknown. The present average value is consistent with that reported in
RIPL [Re98] (114437 meV), as well as that which is obtained from the s-wave systematics of
radiative widths in the BNL compilation [Mu84, Fig. 6] around this mass region.

The distribution of reduced neutron widths for s-wave resonances was analyzed by fitting
36 resonances below 2 keV to the Porter-Thomas distribution. As shown in Fig. 24, for a cutoff
value of 0.4 meV for the reduced width, the fit resulted in (gI,”) = 3.37+0.85 meV and
(Do) = 42.845.0 eV. These values yield s-wave strength function of So = 0.79+0.20. The present
(Do) is smaller than that presented in the BNL compilation, but is consistent with (45+15 eV)
[Re98]. While the present Sy value deviates from the values (1.240.4) [Mu81] and (1.240.3)
[Re98], it is consistent with Ribon’s value of 0.85:315 [Ri69].
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3. Unresolved Resonance Parameters

The present unresolved resonance region covers the energy range from 3.95 keV to 80.8
keV. The latter energy corresponds to the threshold energy for neutron inelastic scattering to the
first excited level of *'Xe. For this nucleus, s-, p- and d-wave average resonance parameters
were provided. The level spacing varies with energy according to Gilbert-Cameron level density
formula with associated parameters adopted from Mughabghab and Dunford [Mu98a] (neutron
separation energy = 8.936 MeV, pairing energy = 2.16 MeV, and level density parameter = 10.58
MeV™"). The dependence of the level spacing on exp{-(J+1/2)*/2¢*}, as well as (2J+1), was
taken into account. With a value of 6 = 3.0 [Mu98b] for the spin dispersion parameter, the level
spacings for p- and d-wave resonances are calculated as 1/1.73 and 1/2.21 of the s-wave spacing,
respectively.

Unfortunately, capture cross section measurements were unavailable in the unresolved
resonance region. The present unresolved resonance parameters are listed in the last column of
Table 17. The s-wave average parameters are based on the analysis carried out in the resolved
energy region. The value of S, is obtained from a deformed optical model calculation [Mu84,
Fig. 4], and the value of S; was assumed to be same as that of So. An average radiative width of
112 meV was assumed for p- and d-wave resonances. The capture cross section, constructed
from the present average resonance parameters, is shown in Fig. 25 and is compared with other
evaluations. The present cross section is consistent with the ENDF/B-VI evaluation.

The average capture cross section over a Maxwellian spectrum at 30 keV was calculated
as 306 mb. This value is apparently lower than that recommended in Beer’s compilation,
453 £81 mb [Be92]. However, since Beer’s value, as well as those reported in Bao’s
compilation [Ba87], is not based on measurements, the validity of the present evaluation is to be
resolved by future measurements.

Table 16. Thermal Characteristics (**'Xe)

Quantity | Unit [1\1'311:8141 7 ?f{gg;]: Eg]\); / JEF-2.2 JEI;EL° Present
R’ fm 5.85 5.40 531 5.40
o, barn 85+10 90+10 90.6 85.1 85.0 90.0
o5 barn 432 243 24.0 1.19
gw’ 0.9996 |  1.001 1.001 1.0014

Rl-capt. | barn | 900+100 | 900+100 {1016 890 900 882

Rl-total | barn 2877 2958 2938 2765

* Westcott factor for capture cross section.
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Table 17. Average Resonance Parameters for the Unresolved Resonance Region (! Xe)

Present
i ) BNL ENDF/ JENDL-
Quantity | Unit ) JEF-2.2 . PT
[Mus81] B-VI 3.2 Analysis Adopted

R’ fm 5.63 5.40
Do) eV 70420 355 42.8+5.0 428"

So x107 1.24+0.4 0.70 | 0.7940.20 0.79
Tyo) meV 114 1123
O eV 17.7 247"

S x107 1.58 1.40
Ty1) meV 114 112.3
Dy eV 11.3 19.4

S, x107 0.99 0.79
Ty2) meV 114 112.3

* Average parameters at the low energy bound of the unresolved resonance region (2.25 keV).
** Value at the neutron separation energy of >*Xe.

55




(9ABM-5 *0X ) SYIPIA, PIdNPaY uonNaN JO UOHNGINSI(] sAne[nUIND 9y} jo awe[dwio)) 4z "Sig

(G'04+/A\®) G'0,,0UDD
20 810 910 vL'0 210 10 80°0 90'0 00 200 0

T — . T T T T T T 0

©

© : :

PO :
I T S S [ O--ovvnnnn ~. ...................................... Coeiaeiaaans -
I L AV.. ...................................................... o

—— PBlY eABM:S |E|-8X : m : m m m
i | i | i i | f i o

56

S9OUBUOSSY JO "ON dAlRINWNYD



(89X, ) UOITY 90UBUOSIY PIA[OSAIUL) Y UF UONDAG s503D) dImde)) “¢7 1]

(A "7

VA

e —

=

Z-aNoud

IA-89/ddNd

uasald

A'u S
Xi¢r

SR SN RN RN T ! L

57

@9

/.

171




MLH. Cs
1. Thermal Region

In the present evaluation, two bound levels were invoked to reproduce a thermal capture
cross section, 6, =29.0%1.5 b, recommended in Mughabghab’s BNL compilation [Mu81], an
incoherent scattering length, b.—b- = 2.6140.3 fm, measured by Glaettli et al. [GI79], and a
bound coherent scattering length, b = 5.42+0.02 fm, adopted from Koester’s compilation [Ko91].
An effective scattering radius, R’ = 5.3 fm was obtained from the BNL compilation [Mu81]. In
addition, the thermal capture contribution of the bound level with spin 4 was assumed as 3 times
that of the bound level with spin 3. The contribution of positive energy resonances to the
thermal capture cross section was calculated as 19.5 b. The bound level resonance parameters
are listed in Table 18. A comparison of the present thermal cross sections and resonance
integrals with those of ENDF/B-VL.5, JEF-2.2 and JENDL-3.2 evaluations is presented in Table
19. The thermal capture cross sections are in very good agreement with each other. The capture
resonance integral of the present evaluation is in good agreement with those recommended in the

PR Y. Y L ATY_ 132 . . _t_.t_ _ TIY_NOY

DNL compuauon lMug l] anag rioiaen compuauon [HOyb_]
2. Resolved Resonance Parameters

The primary source of resolved resonance parameters for this nuclide is the BNL
compilation [Mu81]. In addition to this source, measurements by Nakajima ef al. [Na90],
Macklin [Ma82c], and Popov and Tzeciak [Po81] were incorporated into the present set of
parameters. By combining the capture data with the transmission data, radiative widths of some
resonances were derived in favorable cases. The resolved energy region extends up to 3.99 keV.
Resonances above 3.99 keV [Na90, Ma82] were represented with average resonance parameters
in the unresolved resonance region. On the basis of Bayesian analysis, 148 and 39 resonances
were assigned as s-wave and p-wave resonances, respectively. Resonance spins were assigned
randomly to those resonances with unknown spins. The random assignment assumes the level
density is proportional to (2J+1). The uncertainty-weighted averaging of 31 measured radiative
widths resulted in an average value of 123+4 meV. This value was assumed for those
resonances for which the radiative widths are unknown. The present average value is consistent
with values presented in the BNL compilation (120 meV) [Mu81], RIPL [Re98] (120£10 meV),
Nakajima et al. [Na90] (11913 meV), and Macklin [Ma82c] (13418 meV), within the associated
uncertainty range.

The distributions of s- and p-wave reduced neutron widths were analyzed in terms of the
Porter-Thomas distribution. For s-wave resonances, those with reduced widths smaller than 0.2
meV were excluded in the analysis. The fit for the s-wave resonances, Fig. 26, resulted in
gl o) =1.4410.17 meV and (Do) = 19.840.9 eV. These values yield an s-wave strength function
of So = 0.7320.09. The present (Do) is consistent with values recommended in the BNL
compilation (20.6512.3 eV) [Mu81] and RIPL [Re98] (2112 eV). However, it deviates from the
values reported by Nakajima ef al. [Na90], 22.4%1.5 eV, and Anufriev ef al. [An78], 16.3+2.3
eV. The present Sy is consistent again with values in the BNL compilation, 0.70+0.07, and
RIPL, 0.7610.10, as well as with that reported by Nakajima ef al. [Na90] 0.7740.09. For p-wave
resonances, the % value of the fit for all the observed resonances was very large. It is clear from
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Fig. 27 that many weak p-wave resonances were missed. Subsequently, resonances with reduced
widths, {gI’ o), smaller than 12.5 meV were excluded from the analysis. As shown in Fig. 27, we
obtained a good fit, with a 95% confidence limit, which resulted in (gl,') = 5.27+1.25 meV,
(D1) = 14.043.5 eV and S; = 1.2510.37. Because of the small sample size for the p-wave
population, the uncertainties of the derived average quantities are large.

3. Unresolved Resonance Parameters

The present unresolved resonance region covers the energy range from 3.99 keV to 81.6
keV. The latter energy corresponds to the threshold energy of neutron inelastic scattering to the
first excited level of **Cs. For this nucleus, s-, p- and d-wave average resonance parameters
were provided. The level spacing varies with energy according to Gilbert-Cameron level density
formula with associated parameters adopted from Mughabghab and Dunford [Mu98a] (neutron
separation energy = 6.891 MeV, pairing energy = 0.0 MeV, and level density parameter = 14.2
MeV™"). Because of the large target spin of this nuclide, 7/2, the dependence of level spacing on
(2J+1) exp{-(J+1/2)*/26*} was taken into account. With a value of o= 2.8 for the spin
dispersion parameter [Mu98b], the level spacing for p- and d-wave resonances were calculated as
1/1.87 and 1/2.49 of the s-wave spacing, respectively. These values deviate from 1/2 and 1/3,
obtained by assuming only a (2J+1) dependence of the level spacing.

In the unresolved resonance region, the average capture cross sections measured by
Bokhovko ef al. [Bo91], Yamamuro ef al [Ya83], and Macklin [Ma82c] were taken into
consideration. These measurements agree with each other, while earlier data, included in
McLane’s compilation [Mc88], deviate from the above measurements. As shown in Fig. 28, the
present unresolved resonance parameters resulted in a good fit to the experimental data. The
present parameters are listed in the last column of Table 20. The values of (I, ), (Do) and S, are
those which were obtained from the analysis of resolved energy region. The present value of S,
was adopted from a deformed optical model calculation [Mu84, Fig. 4]; the value of S; was
assumed to be the same as that of So. It is noted that the p- and d-wave strength functions are
consistent with those derived by Bokhovko ef al. [Bo91] (S; = 1.340.4 and S; = 0.7+0.2). The
average capture cross section for a Maxwellian spectrum at 30 keV is calculated as 513 mb. For
comparisons with other calculations, see Table 56.

Table 18. Bound Level Resonance Parameters (**Cs)

Energy (V) I and Resonance Spin | Neutron Width (meV) | Capture Width

(meV)
-41.32 L=0,J=4.0 273.6 123.0
-25.21 1=0, J=3.0 34.1 123.0
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Table 19. Thermal Characteristics (***Cs)

Quantity | Unit [IEIE;I] ?I-Slggsc]: EBI\?\); / JEF-2.2 JEI;I;L' Present
R’ fm 5.340.5 7.517 5.30 5.35 5.30
o, barn | 29.0+1.5 30.4 29.7 29.1 29.0 29.0
oS barn 498 3.88 4.29 3.97
gw . 1.004 1.002 1.002 1.0029

Rl-capt. | barn | 437426 422 383 439 396 421

Rl-total | barn 518 556 508 535

*Westcott factor for capture cross section.

Table 20. Average Resonance Parameters for Unresolved Resonance Region (***Cs)

. . BNL ENDF/ JENDL- Present
Quantity | Unit Mus1] B-VI JEF-2.2 3.9° AnEESiS Adopted
R’ fm 5.340.5 5.50 5.84 530
(Do) eV |20.65+2.3 21.8 16.53 198409 | 19.8"
So x10™ | 0.7+0.07 0.8 0.70 | 0.7340.09 0.73
Tyo meV 120 125.3 120.0 123.0
O eV 11.25 8.27 14.043.5 106"
S| x107 4.0 1.40 | 1.25+0.37 1.40
Ty meV 125.3 120.0 123.0
Dy eV 7.91 5.51 7.95"
S, x107 1.64 1.30 0.73
(Ty2) meV 125.3 120.0 123.0

* Average parameters at the low energy of the unresolved resonance region (5.98 keV).
** Value at the neutron separation energy of **Cs.
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OLL “'pr
1. Thermal Region

Positive-energy resolved resonance parameters and an effective scattering radius R’ of
4.93 fm were adopted basically from Mughabghab’s BNL compilation [Mu81]. However, two
new bound levels were invoked to reproduce a thermal capture cross section of 11.5 b [Mu81], a
bound coherent scattering length of 4.58+0.05 fm [Ko091], and an incoherent scattering length
(b.—b-) of -7.240.07 fm [Ak76, Ko91]. An attempt to fit the thermal capture and scattering
cross sections with a single bound level resulted in an unreasonable value for the scattering
radius (R’=7.2 fm), which is at variance with a value of 4.940.5 fm [Mu81]. On this basis, two
bound levels were invoked. To determine the parameters of the two bound levels, we assumed
that the capture cross section for the bound level with spin 3 is equal to the other bound with spin
4. The resulting parameters for the two bound levels are listed in Table 21.

As shown in Table 22, the various quantities computed in the present study are generally
in good agreement with those in the JEF-2 and JENDL-3 evaluations. However, a disagreement
between the present evaluation and that of ENDF/B-VI for the capture and total resonance
integrals exists.

2. Resolved Resonance Parameters

Resonance parameters up to 10.049 keV were adopted basically from the BNL
compilation [Mu81]. In addition to these data, new measurements were taken into consideration.
These are the capture and scattering widths of Taylor ef al. [Ta79], the spin determinations of
Alfimenkov ef al. [Al82a], and the / assignments of Morgenstern et al. [M069]. Uncertainty-
weighted averaging of known 69 radiative widths resulted in a value of 86+2 meV, which was
assumed for resonances with unknown radiative widths. Of a total of 126 resonances, 79 (61
previously assigned by measurements) were assigned as s-wave and 47 (6 previously assigned)
as p-wave by Bayesian analysis. We remark that resonances, with relatively large neutron
widths, which were determined as p-wave resonances by the transmission measurements, were
assigned as s-wave resonances by the Bayesian analysis. As an example, the p-wave resonance
at 3395 eV with gI', =80 meV was determined by Bayesian analysis as s-wave with a probability
of 0.98. Spins of resonances with undetermined values were assigned randomly on the basis of
(2J+1) law.

The distribution of reduced neutron widths was analyzed on the basis of the Porter-
Thomas distribution. For s-wave resonances, Fig. 29 shows the calculated cumulative numbers
of s-wave resonances with widths larger than a given Vg’ value. The fit resulted in
" (Do)=118.0+7.2 eV and (gl ) =20.943.4 meV. These values yield s-wave strength function of
So = 1.7740.3. The present (Dy) is consistent with values reported by Taylor et al. [Ta79],
116110 eV, and RIPL [Re98], 110420, but is larger than that in the BNL compilation, 8819 eV
[Mu81]. The So value is consistent with those reported in [Ta79], 1.8, RIPL, 1.740.3, and the
BNL compilation [Mu81], 1.530.2. As shown in Fig. 30, the p-wave Porter-Thomas distribution
without excluding weak resonances resulted in (D;) = 101.6£10.9 eV and S; = 0.6510.14. The p-
wave level spacing is unreasonably large when compared with an expected value of about 60 eV.
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This indicated that several p-wave resonances were not detected experimentally. On the other
hand, the p-wave strength function is consistent with the systematics study of p-wave strength
functions in this mass region [Mu81].

3. Unresolved Resonance Parameters

The upper energy of the unresolved energy region was set to 146.47 keV, which
corresponds to the threshold energy for neutron inelastic scattering to the first excited level of
“IPr at 145.44 keV.

The capture cross section measurements of Taylor ef al. [Ta79], subsequently corrected
by Allen et al. [Al82b], Zaikin et al. [Za71), Konks et al. [Ko64], and Gibbons et al. [Gi61] were
taken into consideration in this evaluation. Other measurements in the EXFOR database [EX],
which deviated considerably from these measurements, were not considered.

In this energy region, average resonance parameters for s-, p- and d-waves were
provided. Since the upper energy of the unresolved energy region is relatively high, d-wave
contribution is not negligible. An energy-dependent level spacing according to Gilbert-Cameron
level density formula, with parameters adopted from Mughabghab and Dunford [Mu98a], was
adopted. From the (2J+1) dependence of the level density, level spacings for p- and d-wave
resonances were calculated as 1/2 and 1/3 of the value for s-wave spacing, respectively. In the
first attempt, the following average parameters were implemented in the computation of the
capture cross section: 1) the average resonance parameters, (Do), So and S;, derived from the
resolved resonance region; 2) S; = 3.0, obtained from a spherical optical model calculation
[Mu84]; and 3) (I'y) = 86 meV for s-, p-, and d-wave resonances. The resulting calculation is in
very good agreement with the measurements in the 10 - 40 keV region [Ta79]. However, in the
high energy region, there is a discrepancy of up to 30%. To achieve an improved fit in the high-
energy region, S; was decreased to 0.6 and S, was slightly increased to 0.75. This small d-wave
strength function is in reasonable agreement with measured strength function data in this mass
region [Mu84]. Our finalized parameters for the unresolved region are listed in the last column
of Table 23 and are compared with other evaluations. The calculated capture cross section with
the adjusted parameters is shown in Fig. 31 and is compared with measurements [Ta79, Za7l,
Ko64, Gi63].

Maxwellian-averaged capture cross section for a temperature of 30 keV was computed as

117 mb. This cross section is in excellent agreement with 119+15 mb reported in Beer’s
compilation [Be92] and 111£15 mb in the BNL compilation [Mu81].

Table 21. Bound Level Resonance Parameters (**'Pr)

Energy (eV) ! and Resonance Spin Scattering Width Capture Width
(meV) (meV)
—48.12 1=0,J=3.0 411.2 86.0
-17.81 [1=0,J=2.0 47.6 873
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Table 22. Thermal Characteristics (**'Pr)

Quantity | Unit [ISIESLI] ?Iiggs(]: Ell:_]\)fl; | JEF-22 JEI;IZ)L- Present
R’ fm 4.940.5 6.278 4.40 4.90 4.93
B fm | 4.4510.05 | 4.58+0.05 4.58
oy barn | 11.5303 11.5 11.5 115 11.5 115
oy barn | 2.54+0.06 2.18 2.59 2.54 2.71
gw 1.002 09997 | 09990 | 0.9995
caI:)Itt" barn | 17.442.0 1413 19.0 17.9 18.4 17.6
Rl-total” | barn 303 234 239 237

* Westcott factor for capture cross section.

** Integrated from 0.5 eV to 100 keV with 1/E spectrum.

Table 23. Average Resonance Parameters for Unresolved Resonance Region (**'Pr)

Present
i ) BNL ENDF/ JENDL-
Quantity | - Unit compilation | B-VI JEF-2 3* PT Adopted
Analysis
R’ fm 4.940.5 4.40 5.181 4.93
Do) eV 88+9 120.0 134.2 118.0+7.2 | 118.0"
So x107* 1.540.2 1.00 1.50 1.7740.30 1.77
Tyo) meV 85 86 86
101.6%10. i
O eV 62.2 67.1 R 59.0
S x107* 1.00 1.20 0.65+0.14 0.75
Ty1) meV 85 86 86
D) eV 44.1 447 393"
S, x10™ 3.574 1.50 0.60
Ty2) meV 85 86 86

* Average parameters at the low energy (13.23 keV) of the unresolved region.

** Value at the neutron separation energy of '*?Pr.
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Since the contributions of positive energy resonances to the thermal capture cross section
of '*Nd is only 2.7 barns, a bound level is invoked to explain its thermal capture cross section,
325 £ 10 b [Mu81]. The spin of the bound level is assumed as 3 on the basis of gamma-ray
spectra measurements at thermal energy. The energy for a bound level is determined as -6.5 eV
with a reduced neutron width of 104.7 meV for an assumed radiative width of 72.3 meV. The
Westcott factor for capture was calculated as 0.9966. Table 24 summarizes thermal parameters
and compares our results with other sources.

2. Resolved Resonance Parameters

The resonance parameters in the BNL compilation [Mu81] are mainly based on the data
of Tellier at Saclay [Te71] and Musgrove e al. at ORNL [Mu77]. However, Allen et al. [Al82a]
reported that a correction factor is required for the ORNL data. A re-evaluation of the resonance
parameters was carried out by reducing the reported capture areas by 0.9507 [Mu77] and re-
computing I'y with the known gI', values. The spin assignments by Cauvin et al. [Ca71a] and
Rohr ef al. [Ro71] were adopted. Spins for other resonances were assigned randomly on the
basis of the (2J+1) dependence of the level density.

On the basis of the Porter-Thomas distribution for all observed resonances (Fig. 32), an
excess of weak resonances, interpreted as p-wave, was observed. The orbital angular momenta
of resonances were determined by applying Bayesian analysis. Figures 33 and 34 display the
Porter-Thomas distributions for s- and p-wave resonances, respectively. The average resonance
parameters obtained from this analysis are displayed in Table 25.

The upper limit of the resolved resonance region is set at 5503 eV.
3. Unresolved Resonance Parameters

Several capture measurements were carried out in the keV energy region. Musgrove et
al. [Mu77] covered the energy region from 3 keV to 100 keV. More recent measurement by
Wisshak et al. [Wi98] covered the energy region from 3 to 225 keV. Other measurements, made
by Yamamuro ef al. at JAERI [Ya79] and Bokhovko et al. at Obninsk [Bo85], are significantly
high at a few keV when compared with the data of Musgrove et al. [Mu77] and Wisshak et al.

[Wi98].

As a starting point, the average resonance parameters obtained from the resolved
resonance region were used. The level spacing was assumed to vary with energy and spin
according to the Gilbert-Cameron's level density relation with associated parameters of [Mu98a)
and a spin dispersion parameter of 3.5 [Mu98b]. In addition, p-wave strength function of 0.8
[Mu81] was assumed. P-wave average radiative width of 40 meV and d-wave strength function
of 1.5 were adopted from the systematics [Mu81]. These parameters resulted in a calculated
capture cross section smaller than that of Wisshak er al. [Wi98] in the energy region up to
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several keV. To achieve agreement with the data [Wi98], the s-wave average level spacing was
adjusted to 36 eV from a value of 38 + 2eV. This adjusted value is within the uncertainty limits
of that obtained from the Porter-Thomas distribution analysis. Figure 35 shows the resulting

capture cross section, constructed from the average parameters that are listed in the last column
of Table 25.

In addition to the (n,a) reaction, the neutron inelastic scattering to the first excited level is
open at an energy of 747 keV. The upper energy limit of the unresolved resonance region was
set at 225 keV. '

Maxwellian average capture cross section for a 30 keV temperature was computed as 239
mb for an upper energy limit of 1 MeV. From 225 keV to 1 MeV, the point-wise capture cross
section of the ENDF/B-VI evaluation was adopted. Our result is compared with a value of
244.613.1 mb of Wisshak et al. [Wi98] and 242110 mb reported in Beer’s compilation [Be92].

Table 24. Thermal Parameters (***Nd)

Quantity | Unit Cc»rfplzllttion ?}8{558(]: ENI\)/?/B- JEF-2.2 EI;?L' Present
R fm 5.54 5.60 5.60 5.60
b' fm 16.7 17.3 16.7
o, barns 325+10 330+10 325 323 330 325
o, barns 80+2 80.6 80.8 80.3 80.4

Rl-capt. barns 128+30 128+30 130 130 130 130
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Table 25. Average Resonance Parameters in the Unresolved Resonance Region (**Nd)

Present
: .. | ENDF/B JENDL- BNL
Quantity | Unit -V1 JEF-2.2 3.2 | Compilation PT Adopted
Analysis
R'(URR) [ fm 5.54 7.34 4.14 5.60
<D,> | ev | 325 36.0 36.4 45+4 | 380+20| 36.0°
-4

s, X107 3 34 262 | 32¢03 |7O2T0% | 3¢
<L,,> | meV 80 76~68 79.1 80+9 79.9
<D, > | eV 18.4 18.0 18.2 19.3°

x107*

S, 0.8 0.6 1.04 0.8+0.3 0.8
<T,, > | meV 80 74~65 79.1 40.0
<D,> | eV 123 12.0 12.1 14.5°

-4

s, |*10 1.0 3.0 1.78 1.50

<T,,> | meV 80 96~64 79.1 79.9

a: value at the low energy (5 keV) of the unresolved energy region.
b: value at the neutron separation energy of **Nd.
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OLK. "*Nd
1. Thermal Characteristics

The thermal scattering and capture cross sections are evaluated by taking a weighted
average of the results of Pattenden ef al. [Pa58], Tattersall ef al. [Ta60], Lucas et al. [Lu77],
Vertebnyi ef al. [Ve74], and Anufriev ef al. [An79]. The present evaluated cross sections are
included in Table 26 and are compared with other evaluations. A bound level is required to fit
the capture and scattering cross sections in the thermal energy region. Its derived parameters are:
Eo=-25.334 eV, J=3, Iy = 976.7 meV for an assumed I', = 76.5 meV. The bound coherent
scattering amplitude is computed as 8.73 fm for an assumed potential scattering radius of 6.00
fm, adopted from a deformed optical model calculation [Mu81]. The calculated Westcott factor
for capture is 1.0000.

2. Resolved Resonance Parameters

The evaluated resonance parameters [Mu81] are mainly based on the transmission data of
Tellier at Saclay [Te71], the capture data of Rohr ef al. at Geel [Ro71], and Musgrove ef al. at
ORNL [Mu77]. In evaluating the resonance parameters, the ORNL capture areas [Mu77] were
decreased by a factor of 0.9507 as reported by Allen ef al. [Al82]. A comparison of the
scattering widths of the weak resonances of Rohr ef al. [Ro71] with those of Tellier et al. [Te71],
Karzhavina et al. [Ka69], and Anufriev ef al. [An79] indicated that the capture areas of Rohr et
al. are low by about 20%. This conclusion is also supported by the fact that the derived radiative
widths of Rohr are low when compared with the results of Musgrove et al. [Mu77]. On this
basis, the capture areas [Ro71] were increased by 20%. The capture widths of the strong
resonances were then recalculated with the aid of the known scattering widths [Te71]. For weak
resonances, an average I'y = 76.5 meV was assumed. A weak resonance reported at 18.9 eV
[An79] is also included in the file.

Spin assignments, made by Cauvin et al. [Ca7la] and Stolovy et al. [St72], were
considered. In addition, other spin assignments for strong resonances were made by us on the
basis of the following criterion: resonances with a large capture area are assigned as J=4 and
those with a low value as J=3. The scattering widths of weak resonances were calculated from
the renormalized capture areas of Musgrove ef al. [Mu77] for an assumed average radiative
width of 76.5 meV for the two possible spin values, 3 and 4. Subsequently, an average value
was computed from the two results. The spins of the remaining resonances were assigned
randomly on the basis of the (2J+1) law.

The analysis of reduced neutron widths for resonances below 4.0 keV in terms of the
Porter-Thomas distribution shows that few weak s-wave resonances are missed. A least squares

fit, carried out for resonances having (gI'’)""?> > 0.05 eV, is shown in Fig. 36. The average
resonance parameters derived from this analysis are listed in Table 2. The Bayesian analysis
shows that, with the exception of the 18.9 eV resonance, all observed resonances are s-wave
resonances. However, in the resonance parameter file, the weak resonance at 18.9 eV was
treated as an s-wave resonance.
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3. Unresolved resonance parameters

The low- and high-energy limits of the unresolved resonance region were set at 3979 eV
and 67.69 keV respectively; the latter corresponds to the threshold energy for inelastic neutron
scattering to the first excites state of '*Nd.

The capture data by Nakajima ef al. at JAERI [Na78], Bokovko et al. at Obninsk [Bo85],
and Wisshak et al. at Karlsruhe [Wi98] were considered in this evaluation. Wisshak et al.’s
measurement covers the energy range from 3 to 225 keV.

The average s-wave resonance properties obtained from the resolved resonance analysis
were used without adjustment. In addition, the p-wave average radiative width and the d-wave
strength function were obtained from the systematics [Mu84). The average parameters are
summarized in Table 27. The energy-dependent level spacing of Gilbert-Cameron with the
parameters of [Mu98a] and a spin dispersion parameter of 3.5 [Mu98b] was adopted. Our
calculated capture cross section in the unresolved energy region is shown in Fig. 37 and is
compared with the ENDF/B-VI evaluation and measured data. The present calculations strongly
support Wisshak et al.’s measurement [Wi98]. Note that the JENDL-3.2 evaluation adopted
Nakajima ef al.’s measurement [Na78}, which is high when compared with other measurements
[Wi98, Bo85]. In addition, the average radiative widths for s-, p- and d-wave resonances in
JENDL-3.2 are quite high when compared with our values (Table 27). The large s-wave
radiative width of JENDEL-3.2 is not consistent with that obtained from the resolved energy
region.

Maxwellian average capture cross section for a temperature of 30 keV was computed as
423 mb. The calculation was carried out up to 1 MeV; the capture cross section was constructed
with the present parameters up to 67.69 keV and those of ENDF/B-VI from 67.69 keV to 1 MeV.
An excellent agreement was obtained with a value of 424.8 4.5 mb [Wi98]; the reported value
in the Beer’s compilation is 485 + 100 mb [Be92].

Table 26. Thermal Characteristics (***Nd)

Quantity | Unit Con?ﬁla‘ﬁon ?ﬁggg]: ENDE/B-VI | JEF-2.2 | JENDL-3.2 | Present
R | fm 6.3 6.0 6.0 6.0
b | fm 9.9 8.73
o, |bams| 42t2 | 47x6 | 421 419 | 438 | 498
o, | bams 17.4 183 203 18.7

Rl-capt. | barns | 240%35 | 260%40 | 231 231 204 245
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Table 27. Average Resonance Parameters in the Unresolved Resonance Region (**Nd)

. .. | ENDF/B JENDL- BNL Present
Quantity | Unit -VI JEF-2.2 3.2* | Compilation P-T Present
R'(URR) | fm 6.80 5.00 7.683 6.00

<D,> | eV 17.3 18.2 17.2 22+2 18.0+0.8 | 18.0°
-4

s, |x10 4.00 5.20 2.93 44104 |475+052 | 4.75

<T,,> |mevV| 750 89.1 97.5 7549 76.5

<D,> | ev 8.66 9.40 8.61 9.64°
-4

s, X197 os0 0.98 069 | 08104 - 1.20

<> [mev| 75.0 88.1 97.5 40.0

<D,> | eV 5.78 6.60 5.74 7.25°

S X107 69 3.90 3.51 0.80

2 . - . -
<I,,> |meV| 750 89.1 97.5 76.5

a: value at energy 5.1 keV of the unresolved energy region.
b: value at the neutron separation energy of '*Nd.
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1. Thermal Region

Since the contribution of positive energy resonances to the thermal capture cross section
s 21.4 b, a bound level was invoked to reproduce a thermal capture cross section of c7° =50.0b.
The latter value was obtained by re-normalizing the measurement of Fenner and Large [Fe67]

0 = EANLAND k) 4+~ 2 cantiire recnnancs intagral afT = TN R The hanind onharant
\01 =5143 U, l.y $4U2U0 ) 10 a Capture resonance uucg,uu O1 1-,— {UU U. 11i€ DOUNAa concrent

scattering length, bon, =1413 fm, recommended in the BNL compilation, was not considered in
the determination of the bound level parameters for two reasons: a) a value of 14 fm was
previously deduced from the transmission measurement of Eiland et al. [Ei74] which suffered
from a large uncertainty due to neutron absorption in the moisture and b) this large value of beon
resulted in unrealistic resonance parameters for the bound level. On the other hand, an effective
scattering radius R’= 8.3 fm, adopted from the BNL compilation [Mu84], resulted in the

following parameters for the bound level: Eq=-2.50eV,J=4,1,= 167 meV, [,= 73.8 meV.

A comparison of the thermal cross sections and resonance mtegrals of the present evaluation
with those of ENDF/B-VI, JEF-2.2, JENDL-3.2, and LIPAR-5 [Ab97] evaluations is presented
in Table 28. With the exception of the capture cross section, the present quantities are in good
agreement with those of JENDL-3.2 evaluation.

2. Resolved Resonance Parameters

The primary source of the resolved resonance parameters for this nuclide is the BNL

H MAHQAT T AAses ¢ thia + 3,
compilation [Mu84]. In addition to this source, recent results of Georgiev et al. [Ge93] were

incorporated into the present set of parameters. The present resolved energy region extends up to
1.998 keV. On the basis of Bayesian analysis, the observed 211 resonances were assigned as s-
wave resonances. Resonance spins were assigned randomly to those resonances for which the
spin is unknown. This random assignment assumed that the level density is proportional to
(2J+1). The weighted averaging of 28 known radiative widths resulted in an average value of
73.8£1.5 meV, which was assumed for the remaining resonances with undetermined radiative

3y Aty Th: 1 tant Q4 1
widths. This average value is consistent with 6932 meV recommended in the BNL compilation
[Mu84] and RIPL [Re98].

The distribution of reduced neutron widths was analyzed in terms of the Porter-Thomas
distribution. Those resonances with reduced widths smaller than 1.0 meV were excluded in the
fitting procedure to obtain a best fit to the data. The fit, shown in Fig. 38, resulted in
@la’) =2.9430.29 meV and (Do) = 6.05+0.23 eV. These values yield an s-wave strength

ion, Q- =4 8640 50. The nrpepnf m \ 15 consistent with a value r rnnnmmpnﬂnrl in the RN,

fiincti
lullvll\l Nl Wwiis AW WAJRLIADVWALY VYV ALE “ WS ARRAAR W ANS

compllatlon [Mu84], (5.710.5 eV), but is shghtly higher than that recommended in the RIPL
[Re98], (5.1£0.5 eV). In addition, the present Sg is consistent with a 4.8+0.5 reported in the
BNL compilation and RIPL.
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3. Unresolved Resonance Parameters

The present unresolved resonance region covers the energy range from 1.998 keV to
122.05 keV. The latter energy corresponds to the threshold energy for inelastic neutron
scattering to the first excited level of ¥’Sm at 121.22 keV. For this nucleus, s-, p- and d-wave
average resonance parameters were provided. The level spacing varies with energy according to
Gilbert-Cameron level density formula with associated parameters adopted from Mughabghab
and Dunford [Mu98a] (neutron separation energy = 8.14 MeV, pairing energy = 2.14 MeV, and
level density parameter = 17.5 MeV™"). The dependence of level spacing on exp{-(J+1/2)?/2¢},
as well as (2J+1), was taken into account for this nucleus. With a value of ¢ = 3.4 for the spin
dispersion parameter [Mu98b], the level spacing for p- and d-wave resonances were calculated as
1/1.86 and 1/2.47 of the s-wave spacing, respectively. Note that these values deviate slightly
from 1/2 and 1/3, obtained by assuming only (2J+1) dependence of the level spacing.

In the unresolved resonance region, the average cross sections measured by Wisshak et
al. [Wi93], Macklin [Ma86], and Bokhovko et al. [Bo85] were taken into consideration. These
measurements agree with each other, while the data sets of Kononov e al. [Ko77] and Mizumoto
et al. [Mi81] deviate from the above measurements. As shown in Fig. 39, the present unresolved
resonance parameters resulted in a good fit to the experimental data. The present parameters are
listed in the last column of Table 29. The values of (I'y), (Do) and So are those which resulted
from the analysis in the resolved resonance region. The value of S; was adopted from a
deformed optical model calculation [Mu84, Fig. 4], while S; was adjusted to 2.50 to reproduce
the measured capture cross sections at the high energy limit. We note that S, is consistent with a
value derived by Bokhovko ef al. [Bo91] (S; = 0.8+0.2), while S; deviates from those reported
by Bokhovko et al. (4.8+1.0), and Kononov e al. [Ko81] (1.2910.28).

Maxwellian-averaged cross section for a temperature of 30 keV was computed as 890
mb. The present cross section is compared with 973.1£10 mb of Wisshak e al. [Wi93] and
1005+100 mb presented in Beer’s compilation [Be92].
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Table 28. Thermal Characteristics (**’Sm)

Quantity | Unit BNL . 98CRC | ENDF/ JEF- | JENDL- | LIPAR-S Present
compilation | [Ho98] B-VI 2.2 3.2 [Ab97]

R’ fm 8.310.2 8.30 8.30 8.30 8.30
o, barn 5743 56+4 57.5 57.2 58.0 56.7 50.0

o5 barn 39.1 39.9 1.06 3.8 1.06

gw 0.9990 1.001 | 0.9946 0.9942 | 0.9965
Rl-capt. | barn 710+50 789 793 779 721 777
Rl-total | barn 1660 1639 1524 1505

*Westcott factor for capture cross section.

Table 29. Average Resonance Parameters for the Unresolved Resonance Region (**’Sm)

. . BNL | ENDF/ JENDL- Present
Quantity | Unit compilation | B-VI JEF-22 32 AnPT . Adopted
alysis

R’ fm 8.340.2 8.30 6.37 6.64 8.30
Do) eV 5.740.5 5.70 6.32 570 | 6.05+0.23 6.05"

So x107* 4.840.5 4.80 4.26 480 | 4.8610.50 4.86
(Ty0) meV 69+2 69.0 87.6 69.0 73.8
Dy eV 2.85 3.25 2.85 3.25°

S x107 0.65 1.75 1.00 0.80
Ty1) meV 69.0 87.6 69.0 40.0
D3) eV 2.28 1.90 245

Sz x10™ 6.50 4.70 2.50
Ty2) meV 87.6 69.0 73.8

*Value at the neutron separation energy of "**Sm.
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M. *Sm
1. Thermal Cross Sections

The thermal capture cross section is adopted from the Mughabghab’s BNL compilation
[Mu84]. The spin of the bound level is assigned as 3 according to the (n,@) measurements of
Dakowski [Da67]. The energy and reduced neutron width of the bound level were determined as
1.5 eV and 7.243 meV, respectively. Since the first resonance at 0.0923 eV is close to the
thermal energy, the coherent scattering length (5°) varies strongly with energy. Word and
Werner [Wo82] measured the energy dependence of the bound coherent scattering length in the
energy range from 0.02945 to 0.09274 eV. Subsequently, Lynn and Seeger [Ly90] carried out
R-matrix analysis in the low energy region by considering only the resonance at 0.09274 eV.
The influence of other positive energy resonances was taken into account by energy dependent
background terms. The R-matrix calculation [Ly90], represented by a dashed line in Fig. 40, is
compared with measurement [Wo82]. By applying multi-level Breit-Wigner formalism [Mu81,
Eq.3], we have also carried out computations of the energy-dependence of the Re(d”) for two
cases. In one case, represented by a solid line, the effect of the bound level, as well as all
positive energy resonances, was considered. In the second, denoted by a dotted line, the effect of
the bound level was excluded. As shown in Fig. 40, our results support the important
contribution of the bound level.

Our results, listed in Table 30, are in very good agreement with the reference values,
reported in the BNL compilation [Mu84], but are discrepant with those of the ENDF/B-VI
evaluation. The present Westcott factor for capture is calculated as 1.7171.

2. Resolved Resonance Parameters

Recent scattering, capture, and gamma-ray multiplicity measurements by Georgiev
[Ge92] determined radiative widths and spins of resonances in the energy region 15.85 - 272.8
eV. These resonance parameters, along with the scattering widths of the BNL compilation of
[Mu84], were incorporated into a new evaluation of the resolved resonance parameters.

The weighted-average capture width of 61 resonances is determined as 56.7+8.9 meV.
This result seems quite low, because of the dominant weights of the first two resonances at
0.0973 eV and 0.872 eV. However, we opted to adopt an un-weighted average of 78.5 meV.

All the observed resonances were assigned as s-wave according to Bayesian analysis.
The Porter-Thomas distribution shows that many weak s-wave resonances are missed. A least-

. squares fit for values of (gl",? )”2- > 0.024, represented by a solid line, is shown in Fig. 41. The

average resonance parameters, determined from this analysis, are displayed in Table 31 and are
compared with other evaluations. The derived s-wave parameters are to be compared also with
those reported in RIPL [Re98]: <Do> =2.10+0.30 eV, So= 6.30+1.20, and <I'>=62+ 2 meV.

The upper energy limit of the resolved resonance region was set to 520 eV.
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3. Unresolved resonance parameters

The average s-wave resonance parameters, obtained from the resolved resonance region,
were applied without adjustments in the unresolved energy region. The p- and d-wave strength
functions, as well as the p-wave average radiative width, were adopted from the systematics
[Mu84]. The average parameters, implemented in the unresolved energy region, are summarized
in Table 31 and are compared with other evaluations. The level spacing was assumed to vary
with energy according to Gilbert-Cameron level density relation [Mu98a].

Neutron inelastic scattering to the first excited level of ’Sm is open at an energy of
22.507 keV. The upper energy limit of the unresolved resonance region was set to 100 keV.
Competition widths in the energy region from 22.5 keV to 100 keV were not provided. The
energy of the second excited level is 277.075 keV. The capture cross section, constructed from
the present parameters, is compared in Fig. 42 with measurements of Wisshak ef al. [Wi93],
Macklin [Ma86], Kononov et al. [Ko77] and Hockenberry ef al.

Maxwellian average capture cross section for a temperature of 30 keV, computed as 1866
mb, is to be compared with 1819.9+£17.2 mb [Wi93] and 1409+95 mb [Be92]. The calculation
was extended up to 1 MeV. The capture cross section was constructed with the present
parameters up to an energy of 100 keV; from 100 keV to 1 MeV, it was borrowed from the

~ENDF/B-VI evaluation.

Table 30. Thermal Characteristics (***Sm)

Quantity | Unit Con?;z\lﬂlgtion ?;ggé: EI;P VPi/ JEF-2.2 JEI;IEL- Present
R fm 83+0.2 5.093 8.30 7.52 8.30
Re(d') fm -24 -19.08* =242 -24.1 -19.08
o, “barns | 40140+ 600 | 40100+ 600 | 39730 40480 40150 40530
o, barns 197 139 176 173 194
Rl-capt. | barns 3390 3310£500 3258 3484 3490 3482
* Value of Lynn [Ly90].
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Table 31. Average Resonance Parameters in the Unresolved Resonance Region (**Sm)

Present
ENDF/B- JENDL- BNL
Quantity | Unit VI JEF-2.2 3.2* | Compilation PT
P Analysis Adopted
R'(URR) | fm 5.093 5.09 7.90 8.3+0.2 8.30
<D,> | eV 3.42 1.97 1.54 22402 [245+0.11| 245°
x107*

S, 3.20 4.13 4.60 46+0.6 |4.53+0.54| 4.53
<T,,> | meV| 620 75.1 62.0 62+2 78.5
<D/ > | eV 1.71 1.01 0.77 131°

x107*

S, 0.50 2.32 0.30 0.3+0.1 1.00
<I,> |meV| 620 75.1 62.0 40.0
<D,> | eV 0.707 | 0.514" 0.987°

x107*

S, 6.50 4.90 4.00
<T,,> | meV 75.1 62.0 78.5

a: At the low energy of the unresolved resonance region, 0.52 keV.
b: At the neutron separation energy of **Sm.
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Fig. 41. Complement of the Cumulative Distribution of Neutron Reduced Widths ( '*°Sm, s-wave)
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ILN. ¥Sm
1. Thermal Region

To reproduce a thermal capture cross section of 100 b, as well as a thermal elastic
scattering cross section of 27.6 b, one bound level was invoked. The reference thermal capture
cross section was obtained by weighting Maxwellian-averaged values 97+10 b of Halperin ef al.
[Ha62] and 10115 b of Aitken and Cornish [Ai61]. The latter value is adjusted from the original
value of 10215 b on the basis of a revised value for the resonance integral. The reference
scattering cross section was obtained by subtracting the capture cross section from the total cross
section, 127.5 b [Ei74], in which a paramagnetic scattering cross section of 7.5 b [Ei74] was
excluded. The bound resonance parameters are; Eo = -11.72 eV, I', = 176.6 meV, I'y = 60.2
meV. In these calculations, an effective scattering radius (R’) of 8.0 fm was adopted from a
deformed optical model calculation [Mu81, Fig. 2]. The contribution of positive energy
resonances to the thermal capture cross section was calculated as 69.5 b. The bound coherent
scattering length was calculated as 14.8 fm (4.7 fm without a bound level), which is consistent
with a value of 1413 fm in the BNL compilation [Mu84].

A comparison of the various thermal cross sections and resonance integrals of the present
evaluation and those of ENDF/B-VI, JEF-2 and JENDL-3 is presented in Table 32. While there
is general agreement between the various evaluations of the thermal capture cross sections and
capture resonance integrals, our evaluated scattering cross section deviates from those in the
other cross section libraries.

2. Resolved Resonance Parameters

Because measurements were not carried out since the date of the BNL compilation, the
resolved resonance parameters of the present evaluation were based on [Mu84].

On the basis of Bayesian analysis, the reported 22 resonances [Mu84] were assigned as s-
wave. An average radiative width of 60+5 meV, based on [Mu84], was assumed for all
resonances except for the first two positive-energy resonances for which radiative widths were
determined experimentally [Mu84]. It is noted that this average value is much smaller than

87+16 meV reported in RIPL [Re98].

The distributions of reduced neutron widths were analyzed in terms of the Porter-Thomas
distribution. Resonances with reduced widths smaller than 3 meV were excluded in the fitting
procedure to obtain a minimum x? value. Figure 43 shows the fit to the data, which resulted in
(gl = 20.146.6 meV and (Do) = 46.5+8.6 eV. These values yield s-wave strength function of
So = 4.31x1.42. The present (Do) is consistent with values recommended in the BNL
compilation [Mu84] (5519 eV) and RIPL [Re98] (4618 eV) within the associated uncertainties.
The present Sy value is larger than those in the BNL compilation (3.6+1.1) and RIPL (3.410.6),
but consistent with them within the uncertainties. Because of the limited number of resonances,
the uncertainties of the derived average quantities are rather large.
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Resonance Parameters
The present unresolved resonance region covers the energy range from 1.563 keV to
336.1 keV. The latter energy corresponds to neutron inelastic scattering to the first excited level
of *°Sm at 333.86 keV. For this nuclide, s-, p- and d-wave average resonance parameters were
provided. The level spacing varies with energy according to Gilbert-Cameron level density

formula, in which the associated constants were adopted from Mughabghab and Dunford
Mu98a. Mu98b1 (neutron separation energv = 5.596 MPV pmnna energy = 122 MeV and

[Mu98a, Mu98b] (neutron separation energy = 5.596 MeV, pairing ener 1.22 MeV, and
level densxty parameter = 21.76 MeV™)). The dependence of level spacing on
exp{ (J+1/2 )'/Ao" }, as weli as (2J+1), was taken into account for this nucieus. With a vaiue of

= 3.7 for the spin dispersion parameter [Mu98b], the level spacings for p- and d-wave
resonances are calculated as 1/2.78 and 1/4.04 of the s-wave spacing, respectively. These values

deviate from 1/3 and 1/5, obtained by assuming only a (2J+1) dependence of the level spacing.

In the unresolved resonance region, cross sections measurements carried out by Wisshak

et al. [Wi93], Winters et al. [Wi86], and Macklin ef al. [Ma63] were taken into consideration.
The data of Kononov ef al. {Ko78] deviate significantly from the others. As shown in Fig. 44,
our computed capture cross section is in very good agreement with the experimental data [Wi93,
Wi78]. The present average resonance parameters are listed in the last column of Table 33.
Values of (Do) and S, are those which were derived from the analysis of the resolved region.
The present value of S; was adopted from a deformed optical model calculation [Mu84, Fig. 4],
while that of S; was adjusted to reproduce the capture cross section measured by Wisshak et al.
[Wi93] above 50 keV. An average radiative width of 60 meV was assumed for s- and d-wave

ragnmnanscac A

re 1 1CeSs. nowava radiativa width af 40 maV wae datarminad in the nracant analveic tn

L y-wavw LAAIGLVI VW VVIMLIILE VLI TV Lillwv VY YYD MWW LILILINVG 11 LW PIMDUII‘- (uuu_yolo w

reproduce the capture cross section in the low energy region. This value is consistent with the

systematics of p-wave radiative widths around mass number of 150 [Mu84, Fig. 7].

Table 32. Thermal Characteristics (**°Sm)

Quantity | Unit | lil.\g;mn ?gggg E,EI‘),I: | yEF22 JEI;H,,)L' Present
compilation [Ho98] B-V1 3.2
R’ fm 6.41 6.40 8.08 8.00
c,o barn 104+4 10245 104 103 109 100
S5 barn 15.0 21.2 8.34 21.7
gw 1.000 09979 | 0.9938 | 0.9985
calzlt.” barn 358+50 290430 338 339 325 334
" es 830 840 799 890
| RI-total barn ?
* Westcott factor for capture cross section.
** Integrated from 0.5 eV to 100 keV with 1/E spectrum.




Table 33. Average Resonance Parameters for the Unresolved Resonance Region (**°Sm)

Present
. ) BNL ENDF/ JENDL-
Quantity | Unit compilation | B-VI JEF-22 3.2 PT Adopted
Analysis

R’ fm 6.41 5.92 8.00
Do) eV 5549 48.0 59.8 465486 | 465"

So x107 3.6t1.1 3.60 3.60 | 4.31+1.42 431
Tyo meV 605 60.0 60.0 60.0
Dy eV 15.0 20.0 16.7°

S x10™* | 0.0840.02 0.60 1.40 1.00
D) meV 60.0 60.0 40.0
(D2) eV 6.00 12.0 115"

Sz x107* 2.90 230 3.50
{I32) meV 60.0 60.0 60.0

* Average parameters at the low energy bound of the unresolved resonance region (1.54 keV).
** At the neutron separation energy of **'Sm.

Maxwellian average capture cross section for a temperature of 30 keV, computed as 409
mb, is to be compared with 421.9+3.8 mb [Wi93] and 434426 mb [Be92].
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ILO. *'Sm
1. Thermal Characteristics

Since the contribution of positive energy resonances [Mu84] to the thermal capture cross
section is 235 b, a bound level was stipulated to reproduce a thermal capture cross section (o,o)
of 152004+300 b [Mu84]. The resonance parameters of the bound level were determined as:
Eo--0.12eV,J=2(1=0), I, =0.752 meV, and I', = 92.9 meV. The effective scattering radius
of 8.3 fm was adopted from a deformed optical model calculation [Mu84]. A comparison of the
thermal cross sections and resonance integrals of the present evaluation with those of ENDF/B-
VI, JEF-2 and JENDL-3 evaluations is presented in Table 34. While there is general agreement
in the various evaluations of the thermal capture cross sections, as well as the capture resonance
integrals, large discrepancies exist in the value of the thermal scattering cross section. Because
the scattering cross section is only 0.5% of the capture cross section, scattering measurements in
the thermal region are not available. The calculated Westcott factor, 0.9274, shows that this
nuclide is a non-1/v absorber.

2. Resolved Resonance Parameters

Because of the unavailability of measurements since 1984, the present evaluation adopted
the resolved resonance parameters of the BNL compilation [Mu84]. The resolved energy region
extends to 296 e€V. On the basis of Bayesian analysis, all 120 resonances were assigned as s-
wave resonances. All the resonance spins were assigned randomly on the assumption that the
level density is proportional to (2J+1). The uncertainty-weighted average for 13 radiative widths
resulted in a value of 92.9+3.7 meV. This value was assumed for the remaining resonances, as
well as the bound level. The present average value is in very good agreement with the values

(9247 meV) [Mu84] and (954 meV) [Re98].

The distribution of s-wave reduced neutron widths was analyzed in terms of the Porter-
Thomas-distribution. Resonances with reduced widths smaller than 0.3 meV were excluded in
the fitting procedure (Fig. 45). The fit resulted in (glx’) = 0.60+0.08 meV and (Do) = 1.48+0.09
eV. These values yield s-wave strength function of So = 4.061£0.56. The present (Do) is
consistent, within the associated uncertainty, with (1.2+0.2 eV) [Mu84]. However, it deviates
from a recommended value of 1.04+0.15 eV [Re98]. The present Sg is consistent with values in
the BNL compilation (4.240.4) [Mu84] and RIPL (3.4+0.5) [Re98] within the associated
uncertainties.

3. Unresolved Resonance Parameters

The unresolved resonance region covers the energy range from 296 eV to 66.24 keV.
The latter energy corresponds to neutron inelastic scattering to the second excited level of '*!Sm
at 65.83 keV. The energy of the first excited level at 4.82 keV is very low when compared with
other fission products. However, the inelastic neutron scattering cross section was not taken into
account as a competition channel in MF=2 in the present evaluation. Table 35 presents the
various evaluations of the capture and inelastic scattering cross sections at 10 keV, where the
inelastic scattering cross section to the first excited level shows a peak. As indicated,
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disagreements exist in the various evaluations because of differences in the nuclear model
calculations, as well as the model parameters.

For this nuclide, s-, p- and d-wave average resonance parameters were provided. The
level spacing varies with energy according to Gilbert-Cameron level density formula with
associated parameters adopted from Mughabghab and Dunford [Mu98] (neutron separation
energy = 8.258 MeV, pairing energy = 2.32 MeV, and level density parameter = 21.43 MeV™").
The dependence of the level spacing on spin by the relation (2J+1) exp{—(J+1/2)%2¢*} was
taken into account in this evaluation. With a value of o = 3.7 for the spin dispersion parameter,
level spacings for p- and d-wave resonances were calculated as 1/1.84 and 1/2.38 of the s-wave
spacing, respectively.

In the unresolved resonance region, capture cross section measurements are not reported.
The adopted average resonance parameters are listed in the last column of Table 36. The
ENDF/B-VI evaluation does not include unresolved resonance parameter file. The values of
{T'y0), (Do) and S are those which resulted from the analysis of the resolved energy region. The
present values of S; and S; were adopted from the systematics of strength functions near this
mass region [Mu84, Figs. 4 and 5], while the value of (I, ) was assumed from systematics of p-
wave radiative widths [Mu84, Fig. 7]. These parameters resulted in a computed capture cross
section that is represented by a solid line in Fig. 46. The present calculation is compared with
existing evaluations, as well as a recent calculation of Toukan ef al. [To95], represented by
diamonds. Our results are in reasonable agreement with those of the ENDF/B-VI evaluation, but
not with the JEF-2 evaluation, and are larger than those of Toukan [T0o95]. We note that other
calculations of Toukan resulted in capture cross sections which are lower by 20%, on the
average, than those measured by Wisshak et al. [Wi93] for the four Sm isotopes, 147-130gm.

Maxwellian average capture cross section for a temperature of 30 keV was calculated as
2569 mb. In these calculations, which were extended up to 1 MeV, the capture cross section was
reconstructed from the present resonance parameters up to 66.2 keV and from the ENDF/B-VI
evaluation for the energy region from 66.2 keV to 1 MeV. Our calculated Maxwellian average
capture cross section is large when compared with 19324206 mb [Be92] and 1825+450 mb
[To95].
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Table 34. Thermal Characteristics (*>'Sm)

Quantity | Unit wnﬁ)ﬁm ?I’_‘Ig;‘scl E;I\’,I;’ JEF-2 | JENDL-3 L[IK{;‘;']S Present
R’ fm 8.30 720 7.95 8.30
o, barn | 152004300 | 152004300 | 15250 | 15190 | 15160 15160 | 15170
o, barn 43.5 39.3 50.4 34.4 62.0
gw’ 0.9308 | 0.9271 | 0.9278 | 09256 | 0.9274
ca?tf.. barn | 3520+160 | 3520460 | 3449 | 3465 3410 3397* 3430
o | barn 3726 | 3765 3752 3765
RI-total

* Westcott factor for capture cross section.
** Integrated from 0.5 eV to 100 keV with 1/E spectrum; For present calculation, ENDF/B-VI
cross sections were imported for an energy region 66.2 keV to 100 keV.

+ Integrated from 0.5 eV to 100 eV.

Table 35. Capture and Inelastic Scattering Cross Sections at 10 keV of '*'Sm

ENDEF/B-VI JEF-2.2 JENDL-3.2
Capture CS (barn) 5.28 6.40 3.80
Inel. Scatt. CS (bam) 4.96 1.53 0.56

Table 36. Average Resonance Parameters for the Unresolved Resonance Region (**!Sm)

. . NL NDL- Present
Quantity | Unit corr]:)ilation EII;I-]\DIII:/ JEF-22 JE3.2‘ PT Adopted
Analysis
R’ fm 7.46 572 8.3
Do) eV 1.240.2 1.20 4.85 1.4840.09 1.48"
So x107* 42+0.4 4.5 420 | 4.0640.56 4.06
BT, meV 92+7 96.0 92.0 92.9
(D1) eV 0.60 243 | 140435 | 080"
S x107* 1.0 1.40 1.2540.37 0.80
Ty 1) meV 94~95 92.0 40.0
(D7) eV 0.40 1.62 0.62"
Sz x107 4.0 2.30 2.5
(ITy2) meV 95~100 | 92.0 92.9

* Average parameters at the low energy bound of the unresolved resonance region (0.25 keV).
** At the neutron separation energy of '>>Sm.
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ILP. '*’Sm
1. Thermal Region

The resolved resonance parameters, including those of a bound level, and an effective
scattering radius R’ of 8.3 fm were adopted from the BNL compilation [Mu84]. The contribution
of the bound level to the thermal capture cross section at 0.0253 eV is only 2.1 barns. The
coherent scattering amplitude of —5.0 fm [Mu84] is also accounted for by the bound level. As
shown in Table 37, the present values are essentially the same as those in the BNL compilation
[Mu84] and are in good agreement with those in the ENDF/B-VI and JEF-2.2 valuations. There
is disagreement between our calculated scattering cross section and resonance integrals and those
of the JENDEL-3.2 evaluation.

2. Resolved Resonance Parameters

Because new measurements in the resolved energy region were not carried out since
1984, the resonance parameters reported in the BNL compilation [Mu84] were adopted without
modification.

All 91 reported resonances [Mu84] were assigned as s-wave on the basis of the Bayesian
analysis. The weighted-average value of nine determined radiative widths resulted in a
{T'yo) = 60.0+5.4 meV. This value is in very good agreement with that presented in the BNL
compilation, 6117 meV [Mu84]. This average was assumed for the remaining resonances.

The distribution of reduced neutron widths was analyzed by fitting the widths to the
Porter-Thomas distribution. As shown in Fig. 47, none of the resonances was excluded from the
fitting procedure. The analysis resulted in (Do) = 47.5£2.7 eV and (gI’ ) = 10.6 1.6 meV.
These values yield a strength function for s-wave resonances of (2.2310.35), which is in very
good agreement with (2.240.3) reported in the BNL compilation [Mu84]. The present (D) is
also consistent, within the associated uncertainty, with 51.843.3 eV [Mu84]. The resolved
energy region consists of 92 s-wave resonances up to 5101.2 eV.

3. Unresolved Resonance Parameters

The unresolved energy region of the present evaluation extends from 5 keV to 122.58
keV, the latter energy corresponding to neutron inelastic scattering to the first excited state of
152

Sm.

In the energy range 5 to 200 keV, the capture cross sections of Luo et al [Lu94],
Wisshak ef al. [Wi93] and Bohkovko ef al. [Bo85] were taken into account. The measurement
of Kononov et al. [Ko78] was disregarded because the capture cross section is consistently larger
than recent data (Fig. 48). Earlier measurements, reported in the Neutron Cross Section Curve
book [Mc88], were not taken into account, largely because of their inconsistencies with recent
measurements. As depicted in Fig. 48, ENDF/B-VI, JEF-2 and JENDL-3 evaluations, are larger
than recent data [Lu94, Wi93, Bo85] by about 10% to 30% in the energy region from 70 keV to
120 keV .
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As a starting point, the s-wave average resonance parameters, (Do), So and(T',o), derived
from the resolved energy region, as well as S; = 0.55 and S, =2.2 [Mu84], were adopted in this
energy region. These parameters resulted in a calculated capture cross section, which is low by
~30% and ~10% at about energies of 5 keV and 120 keV respectively, when compared with
measurement [Wi93]. To achieve agreement with the measurements [Lu94, Wi93, Bo85], (Do)
was set t0 34.6 ¢V and (I'yo) was increased from 61 eV to 72.7 eV to satisfy s-wave gamma
strength function of 0.0021 [Bo91]. In addition, (T',2) was adjusted to reproduce the capture
cross section at high energies. The resulting average resonance parameters are listed in Table
38. The calculated capture cross section is shown in Fig. 49.

In the present evaluation, the level spacing varies with energy according to Gilbert-
Cameron level density relation. Parameters for the level density, neutron separation energy,
pairing energy, and the single level nuclear density, are found in Mughabghab and Dunford
[Mu98a, Mu98b]. The average level spacing and reduced widths, listed in the last column, are
the values at the neutron separation energy.

Maxwellian-averaged capture cross section for a temperature of 30 keV, computed as 460
mb, is to be compared with, 473.2+4.4 mb [Wi93], 401+24 mb [Be92], and 445+25 mb [Bo91].

Table 37. Thermal Characteristics (**Sm)

) ) BNL 98CRC | ENDF/ JENDL- | LIPAR-5
Quantity | Unit Comp. [Ho98] B-VI JEF-2.2 39 [Ab97] Present
R’ Fm | 83402 8.3 8.3 8.2 8.3
o, barn | 20616 206+15 | 207 206 206 201.5 206
o barn | 3.0+0.2 3.12 2.93 0.95 7.49 3.11
gw . 1.004 | 1.003 1.003 1.0032 | 1.0035
caI;It-" barn | 2970+100 | 3000+£300 | 2981 | 2977 2770 2958* 2976
Rl-total” | barn 9055 | 9048 8740 9045

* Westcott factor for capture cross section.
** Integrated from 0.5 eV to 100 keV with 1/E spectrum.
+ Integrated from 0.5 eV to 2.15 keV.
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Table 38. Average Resonance Parameters for the Unresolved Resonance Region (**>Sm)

Quanity | Unit | pioy | sEF22 | 2L BT Dist?r:esexz dopted
Analysis
(UII{I’R) fm 7665 | 6438 | 7556 | 83402 8.3
(Do) eV 28.00 52.52 33.46 51.8433 | 475827 | 346
So x107* 2.50 2.30 220 22403 | 2234035 2.23
Tyo) meV 61.0 71.82 61.0 6117 72.7
D eV 9.33 17.89 11.15 11.5
S x10™ 0.60 1.60 0.55 | 0.55+0.08 0.60
Iy meV 61.0 71.82 61.0 61.0
(D3) eV 5.54 11.22 6.69 6.91
S, | x107 3.00 6.80 2.30 1.50
(Ty2) meV 61.0 71.82 61.0 34.0

* Average parameters at the low energy (5.029 keV) of the unresolved region.
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ILQ. ®Eu
1. Thermal Characteristics

The resolved resonance parameters, including those of a bound level, and the effective
scattering radius R’ (8.2 fin) were adopted from Mughabghab’s BNL compilation [Mu84]. The
calculated capture cross section at 0.0253 eV due to the bound level is 256.8 barn. As shown in
Table 39, the present values are in good agreement with those reported in the BNL compilation
[Mu84], as well as JENDL-3.2 evaluation. The present resonance integrals are significantly
lower than those in the ENDF/B-VL.5 and JEF-2.2' evaluations.

2. Resolved Resonance Parameters

The resonance parameters up to an energy of 97.8 eV were adopted from the BNL
compilation [Mu84].

On the basis of Bayesian analysis, all of the 71 resonances are assigned as s-wave. Note
that the s-wave strength function shows a peak while the p-wave strength function has a
minimum around this mass region. Only the resonance at 2.456 eV has a spin. Resonance spins
were assigned randomly to all the other resonances on the basis of the (2J+1) dependence of the
level density. The weighted-average value for the known 55 radiative widths resulted in T’y o) =
9312 meV, which was assumed for the remaining resonances.

The distribution of reduced neutron widths was analyzed by fitting to the Porter-Thomas
distribution. Three resonances for which gI',? is smaller than 0.015 meV were excluded from the
fitting procedure. Figure 50 shows the cumulative number of resonances for which the widths
are greater than the value given on the x-axis versus VgI',’. The fit resulted in (Do) = 1.1410.08
eV and (gl,") = 0.27£0.05 meV. These numbers yield s-wave strength function of
So=2.3710.43. The present (Do) and S, are consistent, within the uncertainty ranges, with those
reported in the BNL compilation [Mu84] ({Do) = 1.31+0.2 eV and Sy = 2.540.2) and RIPL [Re98]
((Doy=1.110.2 eV and Sy = 2.240.3).

3. Unresolved Resonance Parameters

The unresolved resonance region covers the energy region from 97.8 eV to 83.91 keV.
The upper energy range corresponds to the threshold energy of neutron inelastic scattering to the
first excited level of "Eu at 83.37 keV. In the unresolved region, the average resonance
parameters for s-, p- and d-wave resonances were provided. Since the upper energy of this
region is relatively high, d-wave resonance contribution to the capture cross section is not
negligible. We adopted a level spacing varying with the energy according to the Gilbert-
Cameron's level density relation. Parameters for the formula, neutron separation energy, pairing
energy and level density, are found in Mughabghab and Dunford [Mu98a Mu98b]. From the

! Both ENDF/ B-VI and JEF-2 contain the same resonance data, which had been imported from ENDF/B-V. However, since

they have different background cross sections in File 3, the resulting thermal cross sections are different from each other.
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the level density, level spacings for p- and d-waves were assumed t

-wave spacing, respectively.

Capture cross sections measured by Xia et al. [Xi94], Yu et al [Yu93], Macklin and
Young [Ma87], and Bokhovko ef al. [Bo85], as well as earlier measurements were taken into
account. The cross sections of Mizumoto ef al. [Mi79], Kononov ef al. [Ko77] and Hockenbury

et al. [Ho75] are consistently higher than recent measurements in the energy range of 5~100
kaV The values of (D) S and T, o). deduced from the resolved resonances. and of §; and S, of

R V. 1ilv YVRIVUWY Wi L7/ W) G \a 1u/ VWHWYWL L3 VL ViAW LI WOV Y W B woViiBiiVivg, Biav Ve l Wi W WA

the BNL compnlatxon [Mu84] resulted in a calculated capture cross section, which is in good
agreement with the data in the 1~30 keV range, but low by ~15% around 80 keV. Subsequently,
the S; was increased to 0.6 to improve the fit at the high energy region. The calculated capture
cross section is shown in Fig. 51. The finalized average resonance parameters are listed in the

last column of Table 40.

Maxwellian-averaged capture cross section for a temperature of 30 keV was computed as
2.52 barn. The integration was performed up to an energy of only 83.9 keV; this upper energy

o ..
cutoff may result in an error of about 12% [Be92]. The present cross section is to be compared

with values of 3.1710.3 b reported in Beer’s compllation [Be92] and 2.45+0.07 b [Bo91].

Table 39. Thermal Characteristics (**>Eu)

Quantity | Unit _BNL ?.S.CE(.: E_Nl.) .I.: / JEF-22 JEE]PL- LIPA.IE: Present
Compil. |HoY¥] B-Vl1 3.2 |AbY/]
R’ fm | 82402 8.8 8.8 8.63 8.20
o, barn | 312%7 300420 | 313 300 313 312 312
o barn | 9.7+0.7 9.04 6.75 10.3 7.68 9.00
gw 0.9663 0.9662 | 0.9662 | 09869 | 0.9801 | 0.9871
caRIt barn | 1420+100 | 18004400 | 1499 | 1448 1410 1305* 1408
RLital™ | Bam 1699 | 1644 | 1605 1590

* Westcott factor for capture cross section.
** Integrated from 0.5 eV to 83 keV with 1/E spectrum.
+ Integrated from 0.5 eV to 46.5 eV.
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Table 40. Average Resonance Parameters for the Unresolved Resonance Region (**Eu)

. . BNL ENDF/ JENDL- Present
Quantity | Unit Compil. B-VI JEF-2.2 3.2° AnPT . Adopted
alysis
R’ fm 8.240.2 8.80 8.80 6.421 8.20
Do eV 1.340.2 1.30 1.30 1.661 | 1.14+0.08 1.14"
So x10™ | 25402 2.50 2.50 2.79 2.3740.43 2.37
Tyo) | meV 9343 95.82 95.82 94.0 93.0
O eV 0.65 0.65 0.831 0.57"
S x10™ | 0.310.1 0.60 0.60 1.497 0.60
dTy1) | meV 95.82 95.82 94.0 93.0
D2) eV , 0.554 038"
S, x10™ | 5.4+1.2 3.116 5.40
Ty2) meV 94.0 93.0

* Average parameters at the low energy (97.2 eV) of the unresolved region.

** At the neutron separation energy of =~ 'Eu .

111




-163 s

5
Eu

.............................................................................................................................................

S9OUBUOSAY JO "ON SARBINWNY

112

gGn0**0.5 (€V**0.5)

Fig. 50. Complement of the Cumulative Distribution of Neutron Reduced Widths ('>*Eu, s-wave)



(A A

) UOIZ3Y I0URUOSIY PAA[OSIUN) Y} U UONDIAS sso1) axmde)) *[¢ S

10

IA-9/dANA

uasaly

a1d 89
1ddSL

4OPOOLEER

”
B
P
b
b
1
[
HA
oo
i
!
|
|
i
!
|
H

14 i
a4V ([ !
od 1Hdd S8 .
1d 140 L8 i ; -
nx ddV €6 i M i
X N1S v6 1 gl o
Mo nggd, i i

01

0'S

01

‘0s

‘001

(@o

113



ILR. '*Gd
1. Thermal Region

Within the reported uncertainty of the measured capture cross section, a negative energy
resonance is not required to interpret the behavior of the cross section. The calculated thermal
cross sections, coherent scattering amplitude, and the capture resonance integral are summarized
in Table 41. In these calculations, a potential scattering radius of 8.0 fm, based on the
systematics [Mu84], was assumed. The calculated Westcott factor for capture is 0.8440.

Since the first resonance at 0.0268 eV of '*>Gd is very close to thermal energy, the
scattering, capture, and total cross sections vary significantly with energy. At low energies, the
variation of the total cross section multiplied by the square root of the energy, as calculated in the
present study, is displayed in Fig. 52 and is compared with Moeller’s data [Mo60].

Utilizing R-matrix least-squares fit of the data [Mo60], Lynn and Seeger [Ly90], derived
the parameters of the first resonance, which are listed in the third column of Table 42. The
calculated energy variation of the real part of the bound coherent scattering length, Re(b’),
[Ly90], designated by open diamonds, is shown in Fig. §3. Applying the Breit-Wigner
formalism, we carried out a similar calculation where all positive-energy resonances were
included. Our result, represented by a solid line, is displayed in Fig. 53. In our analysis, the
parameters of the first positive energy resonance are listed in the last column of Table 42. As
indicated, a large discrepancy exists between our calculation and that of Lynn and Seeger
[Ly90]. To understand this disagreement, we carried out several additional calculations. In one
calculation, the resonance parameters of the first resonance were changed to those of Lynn and
Seeger [Ly90]. Except for a small decrease in the coherent scattering length below 0.04 eV, this
calculation, indicated by a dotted line, is the same as our former result. In a second calculation
in which the effect of the first resonance was taken into account, we obtained the result
represented by a dashed line. The calculations are larger than those of [Ly90] throughout the
energy region under consideration. In a third calculation, designated by a dash-dotted line, the
effect of the second and third resonances at 2.008 eV and 2.568 eV were excluded. For this case,
reasonable agreement is achieved with Lynn and Seeger result [Ly90]. The contributions of the
second and third resonances to the coherent scattering length are calculated as +0.12 fm and
+0.63 fm, respectively.

2. Resolved Resonance Parameters
The resonance parameters of the BNL compilation [Mu84] were adopted in this
evaluation. In addition, the resonance spin assignments of Belyaev ef al. [Be90], which were
made by the gamma multiplicity method in the energy range from 6.3 to 183.3 eV, were

considered.

The weighted-average radiative width was determined as 114+3 meV from 61 resonances
with reported radiative widths.
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All of the reported resonances were determined as s-wave according to Bayesian
analysis. As displayed in Fig. 54, the analysis of reduced neutron widths according to the Porter-
Thomas distribution suggests that many weak s-wave resonances are missed. A least-squares fit

to the Porter-Thomas distribution was carried out for values of (gl",‘,’ )”2> 0.007 eV. The average
s-wave resonance parameters determined from this analysis are listed in Table 43.

The upper energy of the resolved resonance region was set to 183.4 eV.
3. Unresolved Resonance Parameters

Since inelastic neutron scattering to the first excited state of 1> Gd is at 60.009 keV in the
center-of-mass system, the upper energy limit of the unresolved resonance region was set to
60.40 keV.

The capture data of Shorin ef al. at IPPE [Sh74], Beer and Macklin at ORELA [Be88],
Nakajima ef al. at JAERI [Na89], and Wisshak e al. at Karlsruhe [Wi95] were considered. As
shown in Fig. 55, Shorin's data is higher than the more recent results [Be88, Nag89, Wi95].

In the present evaluation, the average s-wave resonance parameters obtained from
resolved resonances were adopted without adjustments. The energy-dependent level spacing was
assumed to vary with energy and spin according to Gilbert-Cameron level density formula with
associated parameters of Mughabghab and Dunford [Mu98a] and a spin dispersion parameter of
3.5 [Mu98b]. Since d-wave contribution is negligible below 60 keV, its effect was not included

in the calculations. The average p-wave parameters,<T,, > = 0.050 eV, S; =2.0, were adopted

from the systematics and optical model calculations [Mu84]. As shown in Fig. 55, the calculated
capture cross sections supports the measurement of Wisshak et al. [Wi95] and Beer and Macklin
[Be88]. Note that the ENDF/B-VI evaluation significantly diverges from the present evaluation
below 20 keV.

Maxwellian average capture cross section for a temperature of 30 keV was computed as
2564 mb. The computation was carried out up to 1 MeV. The capture cross section was
constructed with the present parameters up to 60.4 keV and from this energy to 1MeV with that of
the ENDF/B-VI evaluation. Our result is to be compared with 2648430 mb [Wi95] and 2721190
mb [Be92].
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Table 41. Thermal Characteristics (*°>Gd)

Quantity | Unit BNL 98CRC ENDF/ JENDL- | b esent
Compilation [Ho98] B-VI 3.2
R fm 6.70 6.70 8.0
Re(6)" | fm 13.8 12.74 1274 | 14.02
o, barns | 60900+ 500 | 61000+ 1000 | 61100 60890 60730
o, barns 60 58.9 59.0 60.7
O on barns 38.6 38.6
Rl-capt. | barns | 14471100 1540+ 100 1555 1540 1537
ev.

* at 0.08

Table 42. Parameters of the First Resonance and Scattering Lengths (Real Part) of '**Gd

Parameter Unit Lynn Present
Scattering Radius fm 6.831° 8.00
Resonance Energy eV 0.0281 0.0268
Neutron Width meV 0.104 0.104
Radiative Width meV 105 108
Scattering Length at 0.08 eV fm 15.27 14.02

* Potential radius for R-matrix formulation.
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Table 43. Average Resonance Parameters in the Unresolved Resonance Region (***Gd)

Quantity | Unit | NUME | JEF-22 B cE:I:;I;il. s liresen:\dopted
alysis
R fm 6.70 3.59 6.83 6.7+15 8.00
<D,> | eV 1.27 2.20 0857 | 1.8402 | 145+0.09 | 1.45°
S, x10* |  3.08 3.00 2.00 20402 |2.13+£035| 213
<T,,> | meV 112 120 110 110+3 114
<D,> | eV 1.27 1.10 0.429 0.81°
S, x10* |  0.80 3.70 1.10 2.00
<T,> | meV 112 120 110 50.0
<D,> | eV 0.705 0.274
S, x107* 1.0 2.30
<l,;> [ meV 120 110

a: At the lowest energy (182 eV) of the unresolved resonance region.
b: At the neutron separation energy of **Gd.
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1. Thermal Region

The resolved resonance parameters were adopted from Mughabghab’s compilation
[Mu84]; an effective scattering radius R’ of 7.8 fm, which was read off from a deformed optical
model calculation {[Mu84], was assumed. For this nuclide, the total contribution of positive-
energy resonances to the thermal capture cross section at 0.0253 eV is calculated as 253.7 kb,

whxch is consistent with the value in the BNL compilation (254.0+0.815 kb). Therefore, a bound

ral ta st samirioad Tha thacocnl aharantéaciabinn nera qricesmansimad 2o Talls 44

C /€1 1S 1ot lcquu €d. 1€ ucrmai CnaraCieristiCs are SuminariZca iii 1 ani€ «49.

Because of the strong resonance at 0.0314 eV, the energy dependence of the real and
imaginary parts of the coherent scattering lengths was investigated. Figure 56 shows our
calculated coherent scattering length, which is based on the present resonance parameters, and is
compared with the calculations of Lynn and Seeger [Ly90].

The resolved resonance parameters ¢ adopted from the BNL compilation [Mu84].
Spin assignments made by Belyaev ef al. [Be90] by the y ray multiplicity method were

incorporated into the present evaluation. On the basis of Bayesian analysis, all of the 60
resonances up to an energy of 306.6 eV were assigned as s-wave. Spins of 53 resonances are
reported in the BNL compilation. For the remaining resonances, spins were assigned randomly
on the basis of the (2J+1) dependence of the level density. Weighted averaging of 27 measured
gamma widths resulted in a value of 100+8 meV; this value was assumed for the remaining

......... Tha avaracs i d4ih ta ~anoiotant wath shoa et ad tha DNT
Tf€Sonariccs. 11 averagce radiative width is \.uﬁSASLcut witii  those lcp(‘n'tcu in the BNL

compilation (974£8 meV) [Mu84], and determined by Nakajima ef al. [Na89], 115+28 meV.

The distribution of reduced neutron widths was analyzed in terms of a Porter-Thomas
distribution. None of the weak resonances was excluded from the fitting. Figure 57 shows a fit
to the data, which resulted in (Do) =4.4810.33 eV, (I )= 1.0140.19 meV, and s-wave strength
function of Sp = 2.2510.44. The present (Do> is consistent with reported values, (4.910.4)

L. Q conlin 20 e cicbacsd <emedle
llVlUO‘I’J a.uu \" 7TU J} lx\cyoj, wuum lllC dbbUbld.LCU uncert ldlllly 11T O¢ vaiuc Id consistent witn

those quoted in the BNL compilation (1.9+0.2), RIPL (2.240.4), and Nakajima ef al. [Na89]
(2.2310.57).

3. Unresolved Resonance Parameters

The present unresolved region covers the energy range from 306.6 eV to 54.88 keV. The
latter energy u‘)ﬁé‘}‘:ﬁi‘mb to the threshold energy for inelastic neutron scaueﬁﬁg to the first
excited level of *’Gd at 54.53 keV. For this 1sotope s- and p-wave average resonance
parameters were provided. Since the upper energy is relatively low, d-wave contribution is
negligible. The level spacing varies with energy according to Gilbert-Cameron level density
formula with associated parameters adopted from Mughabghab and Dunford [Mu98]. Based on
a (2J+1) dependence of the level density, the p-wave level spacing is assumed to be 1/2 of the s-

wave spacing.
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In the unresolved resonance region, the average capture cross sections measured by
Wisshak et al. [Wi95], Nakajima ef al. [Na89], and Beer and Macklin [Be88] were taken into
consideration. These sets show good agreement with each other. The final unresolved resonance
parameters, listed in the last column of Table 45, resulted in a calculated capture cross section in
agreement with the experimental data (Fig. 58).

Table 44. Thermal Characteristics (**'Gd)

] ) BNL 98CRC | ENDF/ JENDL- | LIPAR
Quantity | Unit compil, [Ho98] | B-vI JEF-2.2 32 [AbO7] Present
R’ fm 490, 4.90 4.90 7.80
o, kbarn | 25440.815 | 25413 | 255.8 | 253.4 254.1 253.5 253.7
ol barn 1000 1015 | 1756 1007 1005 1009
Goon’ barn 622 627
Cincet? | barn 378 382
gw 0.8500 | 0.8514 | 0.8522 | 0.8527 | 0.8515
RIt barn | 700+£20 | 800+100 | 759 762 763 711° 754
“apt- .| bam 960 | 946 936 989
RI-total

* Westcott factor for capture cross section.
** Integrated from 0.5 eV to 100 keV with 1/E spectrum.
+ Integrated from 0.5 to 215 eV.

Table 45. Average Resonance Parameters for the Unresolved Resonance Region (*’Gd)

. . BNL | ENDF/ JENDL- Present
Quantity | Unit compil. B-VI JEF-2.2 3.2 Anl;l;r sis Adopted

R’ fm 4.90 , 6.88 7.80
Do eV 4.940.4 3.53 3.94 | 4481033 4.48"

So x10™* | 19402 2.92 190 | 225+0.44 2.25
Tyo) meV | = 9748 98.0 97.0 100.0
D)) eV 3.53 1.97 224"

S: x107* 0.76 1.10 1.60
({Ty 1) meV 98.0 97.0 100.0
D2) eV 1.26

Sz x107* 230
(Ty2) meV 97.0

* Average parameters at the low energy of the unresolved region (304 eV).
** At the neutron separation energy of >*Gd.
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IV. COMPARISONS WITH OTHER EVALUATIONS

In this section, we present a brief over-all summary of the evaluations of the 19 fission-
product nuclei and compare our results with previous evaluations, high-lighting the major differences
and disagreements with other evaluations.

IV.A Resolved and Unresolved Resonance Data Files
Table 46 gives a summary of the resolved and unresolved energy regions of the present and
ENDF/B-VI evaluations. As shown for ®Tc, '®Rh, '®Pd, '®Ag, ®'Xe, **Cs '*'Pr, '*’Sm, and"*Sm,

the resonance regions of the present evaluations are represented by more additional resonances than
those of the ENDF/B-6 evaluations.

IV.B Thermal Cross Sections

In Table 47, the thermal capture cross sections of the nuclei %Mo, 1°Pd, '*Nd, ¥'Sm, and
13%Sm display absolute differences greater than 3% between the present evaluations and those of
ENDEF/B-6. However, good agreement is achieved with other evaluations for these isotopes.
IV.C Capture Resonance Integrals

As demonstrated in Table 48, disagreements larger than +5% between the present results and
those of ENDF/B-6 exist in the calculated capture resonance integrals for ®Tc, '*Pd, ®'Xe, 'Cs,
and 'Pr.
IV.D Thermal Elastic Cross Sections

Table 49 shows that the calculated thermal scattering cross sections of the present study are
larger than any of the evaluations for **Mo, '°Pd , and *'Sm while for *'Xe it is smaller than the
other evaluations.
IV.E Effective Scattering Radii

The potential scattering radii implemented in the resolved and unresolved energy regions of
the various evaluations are summarized in Table 50. With the exception of '*’Gd and **’Gd, general
agreement exits among the various evaluations. However, our values for these two isotopes, which
are consistent with the systematic study [Mu84], are much larger than those of the other evaluations.

IV.F Wescott Factors for Capture Cross Sections

As shown in Table 51, there is good agreement between the present calculations of the
Wescott factors for capture and those of other evaluations.
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IV.G Wescott Factors for Scattering and Total Cross Sections

Table 52 gives a summary of the calculated scattering and total resonance integrals of the
various evaluations. Major disagreements, larger than 15%, exist among the various evaluations of
the scattering resonance integrals for "'Ru, '*Pd, *°Sm, "*'Sm, '**Gd, and "*’Gd.

IV.H S-Wave Strength Functions

In Table 53, the s-wave neutron strength functions, implemented in the unresolved-energy
regions of the various evaluations, as well as those reported in [Mu81, Mu84, Re98], are compared.
Within the uncertainty limits generated by the Porter-Thomas analysis in the resolved energy region,
general agreement exists among the different evaluations

IV.I S-Wave Radiative Widths

In Table 54, the s-wave average level spacings, implemented in the unresolved energy region
of the various evaluations, as well as those of [Mu81], [Mu84] and [Re98] are compared. With the
exception of *Mo, *Nd and *?Sm, the level spacings of the present study, derived from the resolved
energy region, are applied in the unresolved energy region without any adjustments.

IV.J S-Wave Radiative Widths

In Table S5, the s-wave average radiative widths, implemented in the unresolved energy
regions of the various evaluations, as well as those reported in [Mu81], [Mu84] and [Re98], are
compared. In the present study, the average values obtained from the resolved energy region were
generally applied in the unresolved region. Varying adjustments in the radiative widths were carried
out in order to fit the unresolved capture cross section. Adjustments larger than 20% were made on
the radiative widths of ®Tc, *Nd, and ***Sm, none on 'Ry, '**Pd, *'Xe, **Cs, *’Sm, *°Sm, **Eu,
133Gd, and *’Gd, and minor ones on the remainder.

IV.K Mazxwellian Capture Cross Sections at 30 KeV

Because of interest in astrophysical calculations, we computed the Maxwellian capture cross
sections at a temperature of 30 keV on the basis of the present evaluated capture cross sections, as
well as those of ENDF/B-6. The results are included in Table 56 and are compared with Beer's
[Be92] and Bao's [Ba87] compilations. When compared with the results derived on the basis of the
ENDF/B-6 evaluations, differences larger than 10% exist for '“Rh, **Nd, *Sm. However, our
results for these nuclei are in good agreement with those of [Be92] and [Ba87].

128



6C1

Table 46. Status of Resonance Data in MF=2

Isotope I;::i::;lf:lrzl Upper Energy of RRR (keV) No. of Resolved Resonances ® Upper Energy of URR (keV)

(keV)* ENDF/B-VI Present ENDF/B-VI Present ENDF/B-VI Present
42-Mo-95 204.12 2.188 2.141 25+ 30(0) 20+35(1) - 206.3
43-Tc-99 140.51 0.800 0.983 42+ 25 (1) 41+ 54 (1) 141.4 141.9
44-Ru-101 127.23 1.000 1.035 40+ 0(0) 41+ 7(0) 100.0 128.5
45-Rh-103 39756 1.500 4116 59+60(0) | 101+178 (1) 404 402
46-Pd-105 280.51 1.000 2.054 80+ 0(1) 141+ 57 (2) - 283.2
47-Ag-109 88.034 2.509 4,996 83+ 0(0) 236+ 71 (0) - 88.8
54-Xe-131 80.185 4.000 3.945 39+ 0(1) a5+ 2(1) - 80.8
55-Cs-133 80.997 2,500 3.989 123+ 0(0) | 148+39(2) - 81.6
59-Pr-141 145.44 0.991 10.049 15+ 0(0) 79+ 47 (2) - 146.5
60-Nd-143 742.05 5.285 5.503 121+ 27 (1) 122+ 27 (1) 100.0 225.0
60-Nd-145 67.220 4.140 3.979 212+ 0(1) 194+ 0(1) 50.0 67.7
62-Sm-147 121.22 1.000 1.998 140+ 0(1) | 211+ 0(1) 30.0 122.1

62-Sm-149 22.507 0.100° 0.520 20+ 0(1) | 158+ 0(1) 10.0 100.0 ¢
62-Sm-150 333.86 1.600 1.563 22+ 0(D) 22+ 01 100.0 336.1

62-Sm-151 4.821 0.300 0.296 1204 0(1) | 120+ 0(1) - 66.2°
62-Sm-152 121.78 5.025 5.102 91+ 0(1) 91+ 0 (1) 100.0 122.6
63-Eu-153 83.367 0.097 0.098 71+ 0(1) 71+ 0(1) 1.0 83.9
64-Gd-155 60.009 0.183 0.183 92+ 0(0) 92+ 0(0) 10.4 60.4
64-Gd-157 54.533 0.307 0.307 56+ 0(0) 60+ 0(0) 10.4 54.9

a: In the center-of-mass system

b: Number of s-wave positive-energy resonances + Number of p-wave resonances; Number of bound level resonances in parentheses

c: Lower limit of the resolved resonance region(RRR) is 2.361 eV.

d: The second inelastic level is 277.075 keV in the center-of-mass system.

e: This corresponds to the second inelastic level.
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Table 47. Capture Cross Sections at 0.0253 eV (barn)

sotope | compileion | PCRC | ENDFBVI®| JEF22% | JENDL32® | LIPARS | Presemt®  pioene
2-Mo95 | 140805 | 134103 14.6 140 140 - 136 - 74
43-Tc-99 2011 2342 196 19.1 19.6 - 20,0 20
44Ru-101 | 34509 511 3.43 342 336 - 3.45 06
45-RB-103 | 14582 145 147 146 147 - 145 “14
46-Pd-105 | 200430 242 20.1 218 203 - 209 38
47-Ag109 | 91.0:10 91.2 91.0 9.8 9.5 9.7 9.8 ~02
s4-Xe-131 | 85:10 9010 90.6 85.1 85.0 - 9.0 ~07
55.Cs-133 | 29.0415 304 207 2.1 20,0 - 2.0 ~24
so-Pr141 | 115803 115 115 115 L5 - 115 0.0
60-Nd-143 | 325410 330410 325 323 330 319 325 0.0
60-Nd-145 4242 4746 421 419 438 419 498 155
62-Sm-147 | 5743 5614 57.5 57.2 58.0 56.7 50.0 ~150
62-Sm-149 | 40140600 | 40100£600 | 39730 40480 40150 39420 40530 20
62-Sm-150 | 10414 10245 104 103 109 108.2 100 -39
62-Sm-151 | 152008300 | 152008300 | 15250 15190 15160 15160 15170 ~05
62-Sm-152 |  206%6 206415 207 206 206 202 206 ~05
63-Eu-153 | 31247 300420 313 300 313 312 312 0.0
64-Gd-1S5 | 60900:500 | 610001000 | 61100 60790 60890 60710 60730 ~06
64-Gd-157 | 2540004815 | 2540003000 | 255800 253400 254100 253500 | 253700 08

a: From JEF Report 14, OECD/NEA, Paris (1994)
b: From General Description (MF=1) of JENDL-3.2

c: Calculated using LINEAR-RECENT-SIGMA 1-INTER codes
d: Relative Difference = (1 - 5,>> >V &,"**")x 100
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Table 48. Capture Resonance Integrals (barn)

Isotope Cmfpﬁllla‘ﬁon 98CRC | ENDF/B-VI* | JEF-22" | JENDL-32® | LIPAR-5¢ Present ¢ Dl}ga(“i/: ‘)’
42-Mo-95 109+5 10945 113 110 119 - 111 22
43-Tc-99 340420 - 350 304 312 - 312 ~12.2
44-Ru-101 100£20 110£30 111 11 100 - 111 0.1
45-Rh-103 110050 1180 1035 1035 1040 - 1036 0.1
46-Pd-105 62.2 60+20 111 93.1 96.8 - 95.2 -16.6
47-Ag-109 140048 1480 1471 1473 1470 1467 1476 0.4
54-Xe-131 900+100 900+100 1016 890 900 - 882 -15.2
55-Cs-133 437426 422 383 439 396 - 421 9.0
59-Pr-141 17.4£2.0 1443 19.0 17.9 18.4 - 17.6 17
60-Nd-143 128430 128430 130 130 130 127 130 0.7
60-Nd-145 240435 26040 231 231 204 228 245 5.7

62-Sm-147 - 710450 789 794 781 721 777 14
62-Sm-149 3390 31004500 3258 3484 3490 3355 3482 6.4
62-Sm-150 358150 290130 338 339 325 334 334 -1.2
62-Sm-151 | 3520£160 3520460 3449 3465 3410 3397 3430 -0.6
62-Sm-152 | 2970£100 | 3000300 2981 2977 2770 2958 2976 0.2
63-Eu-153 | 14204100 1800400 1499 1448 1410 1305 1408 6.5
64-Gd-155 | 1447£100 1540100 1555 1543 1540 1437 1537 12
64-Gd-157 70020 800+100 759 762 763 711 754 0.7

a: From JEF Report 14, OECD/NEA, Paris (1994)
b: From General Description (MF=1) of JENDL-3.2

c: Integrated from 0.5 eV to the upper energy of resolved resonance region

d: Calculated using LINEAR-RECENT-SIGMA 1-INTER codes; Integrated from 0.5 eV to 100 keV with 1/E spectrum
e: Relative Difference = (1

_ IyENDF/B-VI / IyPresent)xloo
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Table 49. Elastic Scattering Cross Sections at 0.0253 eV (barn)

Isotope C on?;\]il];ti on | ENDF/B-VI* JEF-2.2° JENDL-3.2° LIPAR-5 Present °
42-Mo-95 - 248 5.21 557 - 641
43-Tc-99 - 6.88 354 3.44 - 5.81

44-Ru-101 - 323 5.05 3.74 - 4.50
45-Rh-103 - 4.69 343 328 -~ 437
46-Pd-105 5.0+0.6 5.01 522 5.13 - 736
47-Ag-109 2.55+0.06 2.25 230 248 242 2.12
54-Xe-131 - 432 243 24.0 ~ 1.19
55-Cs-133 - 498 3.88 4.29 - 397
59-Pr-141 2.5410.06 2.18 259 2.54 - 2.71
60-Nd-143 80+2 80.6 80.8 80.3 80.0 80.4
60-Nd-145 - 17.4 18.3 20.3 17.9 18.7
62-Sm-147 - 39.1 39.9 1.06 38 1.06
62-Sm-149 197 139 176 173 163 194
62-Sm-150 - 19.0 21.2 8.34 10.3 27.7
62-Sm-151 - 43.5 393 50.4 344 62.0
62-Sm-152 3.010.2 3.12 293 0.95 7.49 3.11
63-Eu-153 9.7+£0.7 9.04 6.75 10.3 7.68 9.00
64-Gd-155 60 58.9 59.0 59.0 58.6 60.7
64-Gd-157 1000 1015 1756 1007 1005 1009

a: From JEF Report 14, OECD/NEA, Paris (1994)
b: From General Description (MF=1) of JENDL-3.2
c: Calculated using LINEAR-RECENT-SIGMA 1-INTER codes
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Table 50. Effective Scattering Radii (fm)

BNL

ENDF/B-VI

JEF-2.2

JENDL-3.2

lsotope |~ mpilation | Tn RRR In URR In RRR In URR In RRR In URR Present *

42-Mo-95 | 7.0£02 5.50 7.00 7.00 6.68 7.00
43-Tc99 |  6.005 7.91 . 6.00 6.80 6.00 6.22 7.00
44-Ru-101 5.62 “ 6.90 - 6.10 5.06 6.53
45Rh-103 | 6203 7.09 - 6.20 6.56 6.20 6.52 6.56
46-Pd-105 | 66203 6.60 6.70 “ 6.50 4.60 6.60
47-Ag-109 |  6.6£0.2 6.60 6.60 6.30 7.05 6.62 6.60
54-Xe-131 5.85 5.40 5.31 5.63 5.40
55.Cs-133 | 5.305 7.52 5.30 5.50 5.35 5.84 5.30
59.pr-141 | 4.9£0.5 6.28 4.40 - 4.90 5.18 4.93
60-Nd-143 5.54 - 5.60 7.34 5.60 4.13 5.60
60-Nd-145 6.80 « 6.00 5.00 6.00 7.68 6.00
62-Sm-147 | 8.3£0.2 8.30 - 8.30 6.37 8.30 6.64 8.30
62-Sm-149 | 8302 5.09 - 8.30 5.09 7.52 7.90 8.30
62-Sm-150 6.41 - 6.40 8.08 5.92 8.00
62-Sm-151 8.30 7.20 7.46 7.95 5.72 8.30
62-Sm-152 | 8302 8.30 7.67 8.30 6.44 8.20 7.56 8.30
63-Eu-153 | 82+02 8.80 - 8.80 - 8.63 6.42 8.20
64-Gd-155 6.70 “ 6.70 3.59 6.70 6.83 8.00
64-Gd-157 4.90 « 4.90 4.90 6.88 7.80

* The same value is adopted for both resolved and unresolved resonance regions.
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Table 51. Westcott Factors for Capture

Isotope ENDF/B-VI * JEF-2.2° JENDL-32* LIPAR-5 Present ®
42-Mo-95 0.9990 0.9987 0.9994 - 1.0000
43-Tc-99 1.004 1.004 1.004 - 1.0036
44-Ru-101 1.003 1.001 1.001 - 1.0016
45-Rh-103 1.022 1.023 1.022 - 1.0229
46-Pd-105 0.9973 0.9951 0.9986 - 0.9995
47-Ag-109 1.006 1.005 1.005 1.0050 1.0053
54-Xe-131 0.9996 1.001 1.001 - 1.0014
55-Cs-133 1.004 1.002 1.002 - 1.0029
59-Pr-141 1.002 0.9997 0.9990 - 0.9995
60-Nd-143 0.9981 0.9961 0.9961 0.9961 0.9966
60-Nd-145 1.002 0.9996 1.000 0.9998 1.0000
62-Sm-147 0.9990 1.001 0.9946 0.9942 0.9965
62-Sm-149 1704 1.717 1.685 17088 17171
62-Sm-150 1.000 0.9979 0.9938 0.9936 0.9985
62-Sm-151 0.9308 0.9271 0.9278 0.9256 0.9274
62-Sm-152 1.004 1.003 1.003 1.0032 1.0035
63-Eu-153 0.9738 0.9662 0.9869 0.9801 0.9871
64-Gd-155 0.8419 0.8435 0.8437 0.8446 0.8440
64-Gd-157 0.8500 0.8514 0.8522 0.8527 0.8515

a: Calculated with values of o, and &, pmacw in JEF Report 14, OECD/NEA, Paris (1994)
b: Calculated using LINEAR-RECENT-SIGMA 1-INTER codes
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Table 52. Elastic Scattering and Total Resonance Integrals*

Elastic Scattering Resonance Integral (bam)

Total Resonance Integral (barn)

tsotope ENDF/B-VI JEF-2.2 JENDL-3.2 Present ENDF/B-VI JEF-2.2 JENDL-3.2 Present

42-Mo-95 178 196 216 205 291 306 334 315
43-Tc-99 113 84.7 74.8 97.1 463 389 386 409
44-Ru-101 72.9 89.6 739 89.3 184 200 173 200
45-Rh-103 9.1 79.8 78.5 89.5 1129 1115 1121 1126
46-Pd-105 88.7 82.2 72.1 90.8 200 175 168 186
47-Ag-109 219 216 218 214 1691 1690 1689 1691
54-Xe-131 1862 2068 2039 1883 2877 2958 2938 2765
55-Cs-133 135 117 113 114 518 556 508 535
59-Pr-141 284 216 221 220 303 234 239 237
60-Nd-143 597 597 567 598 726 726 696 728
60-Nd-145 567 566 573 562 797 798 776 807
62-Sm-147 871 845 745 728 1660 1639 1524 1505
62-Sm-149 560 485 578 538 - 3819 3969 4071 4021
. 62-Sm-150 492 501 475 556 830 840 799 890
62-Sm-151 267 297 343 325 3726 3765 3752 3765
62-Sm-152 6074 6070 5977 6068 9055 9048 8740 9045
63-Eu-153 199 196 196 181 1699 1644 1605 1590
64-Gd-155 171 162 134 168 1726 1705 1667 1705
64-Gd-157 200 182 175 234 960 946 936 989

Others are from JEF Report 14, OECD/NEA, Paris (1994).

* Integrated from 0.5 eV to 100 keV with 1/E spectrum: Present values are calculated using LINEAR-RECENT-SIGMA 1-INTER codes.
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Table 53. s-wave Neutron Strength Functions in the Unresolved Resonance Region (x10%)

BNL . Present
Isotope Compilation ENDF/B-VI JEF-2.2 JENDL.-3.2 RIPL PT Analysis Adopied
42-Mo-95 0.35+£0.07 - - 0.37 0.60+0.10 0.4510.16 0.45
43-Tc-99 0.45+0.05 043 0.55 0.54 0.48+0.07 0.4310.10 043
44-Ru-101 0.54+0.04 0.59 0.59 0.59 0.56+0.05 0.62+0.15 0.62
45-Rh-103 0.6+0.1 043 0.49 0.45 0.47+0.06 0.57+0.09 0.57
46-Pd-105 0.60£0.05 - 0.58 0.60 0.60+£0.05 0.6610.08 0.50
47-Ag-109 0.4610.15 - 0.64 0.54 0.75+£0.08 0.52+0.05 0.57
54-Xe-131 1.2+0.4 - - 0.70 1.20£0.30 0.79+0.20 0.79
55-Cs-133 0.7+£0.07 - 0.80 0.70 0.76+0.10 0.731£0.09 0.73
59-Pr-141 1.5£0.2 - 1.00 1.50 1.70+0.30 1.7740.30 1.77
60-Nd-143 3.2+0.3 3.50 340 2.62 3.80+0.40 3.6210.51 3.62
60-Nd-145 44104 4.00 520 2.93 3.20+0.40 4.7510.52 475
62-Sm-147 4.8+0.5 4.80 4.26 4.80 4.80+0.50 4.8610.50 4.86
62-Sm-149 4.610.6 3.20 413 4.60 6.30+1.20 4.53+0.54 453
62-Sm-150 3.6x1.1 3.60 - 3.60 3.40+0.60 431+142 4.31
62-Sm-151 42+0.4 - 4.50 4.20 3.40+0.50 4.06+0.56 4.06
62-Sm-152 22403 2.50 2.30 2.20 3.00+0.40 2.2310.35 223
63-Eu-153 2.5+0.2 2.50 2.50 2.80 2.20+0.30 2.37+0.43 2.37
64-Gd-155 2.010.2 3.08 3.00 2.00 2.00+0.30 2.131£0.35 2.13
64-Gd-157 1.9+0.2 292 - 1.90 2.20+£0.40 2.25+0.44 225

* At the lowest energy of the unresolved resonance region
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Table 54. s-wave Average Level Spacings in the Unresolved Resonance Region (eV)

BNL R Present

Isotope Compilation ENDF/B-VI JEF-2.2 JENDL-3.2 RIPL PT Analysis Adopted .
42-Mo-95 558 - - 78.9 105 10 80.7 +13.1 69.4
43-Tc-99 10.7+1.8 12.1 18.3 20.6 128 + 1.8 154 £ 20 154
44-Ru-101 16+2°¢ 204 18.3 25.6 180 + 3.0 193 + 1.8 19.3
45-Rh-103 1611 10.1 25.8 32.1 320 + 4.0 286 + 1.6 28.6
46-Pd-105 10.0+£0.5 ¢ - 10.3 5.31 103 + 05 103 + 05 103
47-Ag-109 14+2 - 16.1 194 151 + 14 200 + 08 20.0
54-Xe-131 70+20° - - 355 49.0 150 428 + 5.0 42.8
55-Cs-133 20.65+2.3 - 21.8 16.5 210 £ 20 198 + 09 19.8
59-Pr-141 88+9 - 120.0 1342 110 20 1180 + 7.2 118.0
60-Nd-143 4514 325 36.0 36.4 350 £ 5.0 380 + 20 36.0
60-Nd-145 22+2 17.3 18.2 17.2 170 £ 3.0 18.0 + 0.8 18.0
62-Sm-147 5.740.5 5.70 6.32 5.70 5.10 £ 0.50 6.05 + 0.23 6.05
62-Sm-149 2.2+0.2 343 1.97 1.54 2.10 £ 0.30 245 +0.11 245
62-Sm-150 5519 48.0 - 59.8 46.0 + 80 465 + 86 46.5
62-Sm-151 1.240.2 - 1.20 485 1.04 £ 0.15 1.48 + 0.09 1.48
62-Sm-152 51.8+3.3 28.0 525 335 480 + 5.0 475 + 27 346
63-Eu-153 1.3£0.2 1.30 1.30 1.66 1.10 £ 0.20 1.14 + 0.08 1.14
64-Gd-155 1.840.2 1.27 220 0.857 1.70 £ 0.20 1.45 + 0.09 1.45
64-Gd-157 49104 3.53 - 3.95 4.90 £ 0.50 448 +0.33 4.48

a: At the lowest energy of unresolved resonance region
b: At the neutron separation energy of target+n
c: Observed level spacing



8¢€1

Table 55. s-wave Average Radiative Widths in the Unresolved Resonance Region (meV)

BNL Present

Isotope Compilation ENDF/B-VI JEF-2.2 JENDL-3.2 RIPL Average " Adopied
42-Mo-95 160120 - - 232 150 +20 158 14 150
43-Tc-99 160 122 1314 187 160 £50 173 *16 130
44-Ru-101 180+15 180 180 173 180 +15 184 +10 184
45-Rh-103 160+15 153 161.3 230 160 £15 162 +28 170
46-Pd-105 14518 - 155 145 150 + 8 148 + 4 148
47-Ag-109 130 - 132.3 130 130 +20 130 + 3 133
54-Xe-131 - - - 114 114 £37 112 11 112
55-Cs-133 120 - 125.3 120 120 +10 123 + 4 123
59-Pr-141 - - 85.0 86 88 + 9 860+ 2.0 86.0
60-Nd-143 8049 80 68.0, 78.0 79.1 86 + 9 799+ 20 79.9
60-Nd-145 54+5 75 89.1 97.5 87+ 9 638+ 3.8 76.5°
62-Sm-147 69+2 69 87.6 69 69 + 2 738+ 1.5 73.8
62-Sm-149 62+2 62 75.1 62 62 + 2 56.7+ 8.9 78.5°
62-Sm-150 6015 60 - 60 87 £16 60.0+ 0.02 60.0
62-Sm-151 9247 - 96 92 95 + 4 929t 3.7 929
62-Sm-152 6117 61 71.8 61 67+ 5 600+ 5.4 727
63-Eu-153 93+3 95.8 958 94 95 +12 93 + 2 93.0
64-Gd-155 11043 112 120 110 108 +10 114 + 3 114
64-Gd-157 9718 98 - 97 97 +22 100 + 8 100

a: Uncertainty-weighted average of known radiative widths of resolved resonances
b: Unweighted average radiative width
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Table 56. Average Capture Cross Sections Weighted with Maxwellian Spectrum at 30 keV (mb) -

Measured Calculated *
Isotope
Beer’s Compilation® | Bao’s Compilation © Recent Data ENDF/B-VI Present Relative Diff. (%)

Mo-95 292+ 12 374+ 50 375 377 04
Tc-99 782+ 39 779+ 40 855 795 -1.5
Ru-101 996 £ 40 996+ 40 952 970 1.8
Rh-103 810+ 14 875+ 35 943 836 -12.7
Pd-105 1199+ 60 1199+ 60 1150 1190 33
Ag-109 779+ 23 779+ 23 807 787 -2.6
Xe-131 453+ 81 348 291 306 5.1
Cs-133 509+ 21 509+ 21 552 513 -15
Pr-141 119+ 15 119+ 15 115 117 1.7
Nd-143 242+ 10 253+ 10 2446+ 3.1° 287 239 -19.9
Nd-145 485+ 100 485 £ 100 4248+ 45° 444 423 -5.0
Sm-147 1005 £ 100 1005 + 100 973.1+ 10.0f 931 929 -0.2
Sm-149 1409+ 65 1454 + 66 18199+ 172 2384 1866 278
Sm-150 434+ 26 447+ 26 4219+ 38 378 409 7.5
Sm-151 1932 + 206 1932 1825 + 450°¢ 2466 2569 4.0
Sm-152 401+ 24 396+ 22¢ 4732+ 441 494 460 -74
Eu-153 3170 £ 317 3170 + 317 2575 2486 -35
Gd-155 2721+ 90 2800 + 280 2648 + 30" 2592 2564 -1.1
Gd-157 1355+ 39 1538 + 154 1369 + 15" 1387 1361 -2.0

a: Using INTER; integrated from 10”° ¢V to 1 MeV. b: Beer, H., Voss, F. and Winters, R.R., Astrophys. J. Suppl. Ser. 80, 403 (1992) c¢: Bao, Z.Y.
and Kaeppeler, F., Atomic Data and Nucl. Data Tables 36, 411 (1987) d: Renormalized value in Ratynski, W. and Kaeppeler F., Phys. Rev. C37, 595

(1988) e: Wisshak, K. et al., Phys. Rev. C57, 391 (1998) f: Wisshak, K. et al., Phys. Rev. C48, 1401 (1993)

g: Calculated value in Toukan, K.A. et al., Phys. Rev. C51, 1540 (1995) h: Wisshak, K. et al., Phys. Rev. C52, 2762 (1995)
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APPENDICES

Appendix A: Evaluation Procedure

Figure Al describes the steps of the evaluation procedure and Fig. A2 presents a flow
chart of the computer codes, which were used in accomplishing the various evaluation tasks. As
a first step in the evaluation of each nuclide, the bibliographic information is retrieved from
CINDA, the Computerized Index to Nuclear Data [CI], and Nuclear Science References [NS].
In addition, recent measured resonance parameters, as well as other data such as thermal cross
sections and capture cross sections in the keV energy region, are obtained from CSISRS [CS],
which is the NNDC version of EXFOR database [EX]. After reviewing the available
measurements and updating the data reported in the BNL compilations, a computerized data file
of resolved resonance parameters, BNL325.TXT, is prepared.

In the next step, as described in the main text, the / and J values for resonances, which
have not been determined from the measurements, are assigned by applying the Bayesian method
and a random assignment method, respectively. In addition, the measured radiative widths are
averaged and this averaged value is assigned to resonances with unknown radiative widths. The
parameters for each resolved resonance are compiled into a File 2 in the ENDF-6 format. The
resulting file is named ENDFA.TXT. In addition, the fitting of reduced neutron widths to the
Porter-Thomas distribution is performed. The computer code PTANAL (Fig. A2) performs all
the tasks in this step. The resulting average parameters are then adopted in preparing the input
file for WRIURR.

In the next step, a check is made as to whether the present resolved resonances reproduce
reference thermal cross sections, scattering lengths, and resonance integrals. The thermal cross
sections and scattering lengths are calculated by the PSY325 computer code. If necessary, one
or two bound levels are invoked. The bound levels are included in the file ENDFR.TXT. The
thermal characteristics are checked again with PSY325, and, if necessary, the bound level
parameters are adjusted to achieve agreement with the measurements.
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The energy-dependent average resonance parameters are then appended to the
ENDFR. TYThv the WRIURR comnuter code. A s gfpa_am_tgrs consists of energy d dpnpndpnf

sl e ode, A set wiilewiRaw

level spacing, reduced neutron width, and gamma width. The competition and fission widths are
set as zero. Multiple sets of parameters, which show the energy dependence, are provided for
each / and J. The energy points are defined in the input file for WRIURR code. The file
ENDFU.TXT is generated by WRIURR.

ENDFU.TXT is converted to the point-wise cross sections by the RECENT computer

—~ o~ o ArmoE CaRtimTE s aem o o e Lo

code. After extracting capture cross sections in the unresolved region from the endfu.pw file
with the aid of PWC code, the calculated capture cross sections, together with measured data
retrieved from EXFOR database, are plotted by the BNL325 plotting code. If the calculated

cross sections do not show acceptable agreement with measured data, the resonance parameters
vised ENDFU.TXT file i

1 then oo
12D Liitwil 5\«

L ]
o

again. Note that the effect of Doppler broadening at a temperature of 300 K is negligible in the
keV energy region.

To compare the presen W
thermal cross sections, resonance integrals, Maxwellian-averaged cross sections, and so on are
calculated with the finalized ENDFU.TXT file. For this calculation, the point-wise cross sections
are broadened to 300
above quantities using the broadened.pw file resulting from SIGMAL.

’d

K by using SIGMAI code. Subsequently, the INTER code caiculates the
e

Descriptions of the computer codes PSY325, LINEAR, RECENT, SIGMAL1, and INTER

o b Lo d 2 IT 0L
can o€ 10una in |L€>0].
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Appendix B: PTANAL User’s Guide
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analysis of the Porter-Thomas distribution for the reduced neutron widths in the resolved
resonance energy region. It also assigns the / and J values, which have not been determined from
the measurements, by applying the Bayesian method and random assignment method,

respectively. In addition, the known radiative widths are averaged in two ways: one is an
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arithmetic average and the other is the weighted-average with the inverse variance of the
experimental value. Another purpose of PTANAL is to convert the resonance parameters from
the CFMTA format into an ENDF-6 format for file 2.

The program requires two input files PTANAL.INP and BNL325.TXT. The
PTANAL.INP file is the standard input in the name-list input format. This file consists of :

First card (in other words, record or line): “&data” from column 2 to 6;
In the second to (last-1) cards: data section with the name-list keywords; and
Last card: “&end” from column 2 to 5.

The data section includes variables shown in Table B1. In the name list input, a user does not
need to keep the order of variables. A sample input is shown at the end of Table B1.

The BNL325.TXT file contains recommended resonance parameters in CFMTA format.
Two records are provided for each resonance as shown in Table B2. Flags indicating the status
of given parameter are ‘R’ for recommended, ‘F’ for preferred, ‘A’ for assumed, ‘ ’(blank) for

termined. The PTANAL program deals only with the flag

angular momentum. Unless the flag was set as ‘A’ or  °, the program does not alter the / value
in the BNL325.TXT file regardless of the results of the Bayesian analysis. In the same context,
the random assignment of J is applied only to resonances with the flag ‘A’ or *’

The program generates output files PTANAL LIS, ENDFA TXT, PTDISTx.DAT, and
PTDISTx.FIT files.. The PTANAL.LIS is the standard output summarizing the results and
ENDFA.TXT is the File 1 and 2 of the ENDF-6 format containing resolved resonance
parameters. The PTDISTx.DAT (x = null for all resonances, 0 for s-wave, or 1 for p-wave) files
include the number of cumulative “measured” resonances vs. the neutron reduced widths
multiplied by the spin statistical factor, g, in the unit of meV in ascending order. The

[< ”»
PTDISTx.FIT is same to .DAT t “fitted” number



Table B1. Variables appearing in the PTANAL.INP file

&end

awt=159.925, zam=66160, spin=0, mat=6637, inflag=1, ecut=1994.5
sf0=2.0, sf1=0.7, 1.4, 2.0, sf2=2.2, D0=27.3
gncut=0.0, 0.0, gncuth=100., ggavg=2*105.8, uncert=20., disp=3.

. .. Default
Name Unit Description Value
awt none Atomic weight of the target nuclide. none
The program calculates AWRI as AWRI = awt/1.008665.
zam none | ZZAAA of the target nuclide none
spin none | Spin of the target nuclide none
mat none | Material number of the target none
lor2.
inflag none | The program will read inflag*gl’, from the BNL325.TXT. none
Of usual, inflag=2 for odd and =1 for even nuclide.
s-wave neutron strength function for the Bayesian analysis. The s-
wave strength function is obtained from the fitting of reduced
<0 1E-04 | Beutron widths. Since the fitted value may be different from this 0
input value, it is recommended to re-run PTANAL with fitted ’
strength function. Note, however, that the s-wave probability is not
so sensitive to the strength function.
:g 8;’ 1E-04 A set of three trial p-wave neutron strength functions. 0
Sfl (3)’ The p-wave probability is calculated with each sfl. ‘
sf2 1E-04 | d-wave neutron strength function for the Bayesian analysis. 0.
Index number selected among sfl values. (1, 2, or 3)
iset none | The ‘sfl(iset)’ value is used for final decision making from the 1
Bayesian p-wave probability.
DO eV__ | Average spacing of s-wave resonances for the Bayesian analysis 0.
Upper energy limit for the analysis.
ecut eV Recommended: Energy of the last resonance + 2*I° 100000
ggavg(l) meV Average gamma width for s- and p-wave, respectively. These values 0
| ggavg(2) are assigned to resonances with unknown gamma widths. ’
cut(1) Weak resonance cutoff reduced width for s- and p-wave,
gn 5 meV | respectively. Resonances having widths smaller than the values are 0.
gneut(2) excluded from the fitting process.
Strong resonance cutoff reduced width for s- wave. Resonances
cuth v having widths larger than this value are excluded from the fitting 10000
gned me process. Large doublet or triplet resonances may be excluded from
the analysis by using this feature.
Default uncertainty of gI', of which uncertainty is not given in
uncert % BNL325.TXT file. If ‘uncert’ is less than zero, its absolute value 10
overrides all the uncertainties given in the BNL325. TXT.
. Spin dispersion parameter; o, for the Bethe formula
disp none | P - with a large “disp”. the level density follows (2J+1) law. 100
Sample input (for Dy-160)
&data
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Table B2. CFMTA Format (for each resonance)

Column Format Description Note
No.

Record 1

1~7 17 ZZAAA

8~9 A2 ‘RP’

10~18 E9.4 Resonance energy [eV]

19~24 E6.2 Uncertainty [eV], and

25 Al Flag indicating the status of the energy ‘R’

26 Al Parity

27~29 F3.1 Resonance spin, J, and

30 Al Flag indicating the status of given J Of usual ‘F’ or ° ’(blank)

31 I1 Angular momentum, /, and

32 Al Flag indicating the status of given / Of usual ‘F’ or °

33~40 E8.4 Total width I" [eV], Of usual, not provided

41~47 E74 Uncertainty [eV], and

48 Al Flag indicating the status of given value

49~56 E8.4 glhyor2 gl [eV], See ‘inflag’ in PTANAL.INP

57~63 E7.4 Uncertainty [eV], and

64 Al Flag indicating the status of given value

65~72 E8.4 Radiative width T, [eV], PTANAL accepts this value even

73~79 E74 Uncertainty [eV], and if the flag is “A’.

80 Al Flag indicating the status of given value

81~88 E8.4 s-wave reduced width gI","or 2 gI",° [eV], | Not used in PTANAL

89~95 E7.4 Uncertainty [eV], and

96 Al Flag indicating the status of given value

97~104 E8.4 Miscellaneous quantity, Of usual, capture area g, I, /T’

105~111 [ E74 Uncertainty, and [eV] is provided. In this case, if

112 Al Flag indicating the status of given value gl is not provided, PTANAL
calculates gl from this quantity
with assumed g and I,

113~115 | A3 ‘BNL’

116~119 | A4 Date in “'YYMM’

120~124 | I5 ‘10000’

125~132 Parameter codes

Record 2

1~7 Same as Record |

8~9 A2 ‘R2’

10~25 Same as Record 1

26~32 Blanks

33~112 Reserved for 5 additional quantities

113~124 Same as Record 1
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Appendix C: WRIURR User’s Guide

The WRIURR program appends the average resonance parameters for the unresolved
resonance region to the end of the resolved region data in File 2 of ENDF-6 format.

The program requires two input filess, WRIURR.INP and ENDFR.TXT. The
ENDFR.TXT file contains resolved resonance parameters in ENDF-6 format. The ENDFR. TXT
file is the same as the ENDFA.TXT file, except that it contains bound level resonance
parameters, if any.

The WRIURR INP file is the standard input file in a name-list format. This file consists
of:

First card: “&urr” from column 2 to 6 (Not ‘&data’ as in PTANAL),
In the second to (last-1) cards: a data section with the name-list keywords; and
Last card: “&end” from column 2 to S.

The data section includes variables shown in Table C1.
WRIURR.LIS and ENDFU.TXT are the output files. The former one is the standard
output summarizing the input information and calculated results of level spacing. ENDFU.TXT

contains Files 1 and 2: the File 2 contains complete resonance parameter information in both the
resolved and unresolved energy regions. One may edit the File 1 (general description) manually.

154



Table C1. Variables appearing in the WRIURR.INP file

Name Unit Description
sf{1)
sf2) 1E-04 | Neutron strength functions of s-, p-, and d-wave, respectively
sf(3)
ge(1)
ge(2) meV | Average gamma widths of s-, p-, and d-wave, respectively
(3
dso(1) Average level spacing .of 5= P~ and d-wave, respectively .
ds0(2) eV Normally ogly dsO(1) is required then ds0(2) and ds0(3) are mlculatcd in the
ds0(3) program using the Bethe formula;. Ifdso.(Z) apd ds0(3) are provided, energy-
independent level spacing and I, are written in ENDFU.TXT.
el eV Low energy boundary of the unresolved resonance region
de(i), Energy intervals
i=1toup eV The energy points that will be written in File 2 are calculated as e0 (first energy
to 300 point), e0+de(1), e0+de(1)+de(2), and so on.
bn MeV | Neutron binding energy of the target nuclide
pair MeV | Pairing energy of the target nuclide
dena MeV™" | Level density parameter of the target nuclide
disp none | Spin dispersion parameter, o, of the target nuclide
Flags indicating the energy dependence of level spacing and I’ for s-, p-, and d-
icon(1) wave, 1respectiyely. If.it is 1, the program writes ene.rgy-dependent level'spacing
icon(2) none and red!lced width using the Bethe formula. Otherwise, ‘the program writes
icon(3) @ergy--mdependent values. Note that the strength functions are energy-
independent in any case. Parameters such as ‘bn’, ‘pair’, ‘dena’, and ‘disp’ are
used in the calculation of energy-dependent level spacings.
Sample input (for Eu-153)
&urr

bn=6.435, pair=0., dena=20.00, icon=3*1, sf=2.37,0.6,5.4, gg=3*93., ds0=1.14
€0=97.8, de=402.2, 500., 1000., 4*2000., 7*10000., 3910.

&end

155







