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ABSTRACT

Neutron cross section evaluations of the fission-product isotopes, ‘sMo, *Tc, 1°IRu,
l“~ l“~~ l@A~ 131~e 133Q 141Pr 141N~ 147S~ 149S@ 150SW151SW152SW153EU,‘55Gd

and 157Gdwere carried o;t bel;w the’ fast neutron energy region within the framework of th~
BNL-KAERI international collaboration. In the thermal energy regioq the energy dependence
of the various cross-sections was calculated by applying the multi-level Breit-Wi er formalism.

YIn particular, the strong energy dependence of the coherent scattering lengths of 1 5Gd and 157Gd
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
finctions. 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 astrophysic~ 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 [iata 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 bum-up credh for spent fuel transportation disposal criticality analysis and design of fiture
advanced fiel 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-VI libraries contain data for fission product nuclidesthat are of
importance to long term critically or dose calculations of spent fbel, the data for many of the other
fission products and higher wtinides that are not major contributors to in-reactor perfiormancemaybe
of significant importance for criticality and dose calculations involvinglong-term dischargefiel. Many
of such evaluations were based on rather pefinctosy evaluations conducted in the 1973 to 1984 time
period. Even though new measured data has become available since them because of priority and
resource considerations, these data were not re-evaiuated to take advantage of the new tiormatio~
but were simply copied over from earlier versions of the ENDFiB libray 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 dety and transportation
gives in columns 1,2,3, and 4 the ranking of the fission product isotope according to DeHart ~e95],
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 da~ aBNL-
KAERI collaboration was initiated in 1998. Under this project of international collaboratio~ the
fission product nuciides listed in Table 1 were re-evaluated in the thermal, resolved resonance regio~
and the unresolved resonance region.

We present in Section II the evaluation methods for the thermal, resolved and unresolved
energy regions; in Section III, 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 GWIYMTU

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

1 149Sm 1978 Mughabghab (1973)

2 “~d 1974 Mughabghab (1984)

3 103Rh 1978 Mughabghab (1973)

4 ls%m 1989 Mughabghab(1984)

5 lssGd 1977 Mughabghab (1973)

6 131Xe 1978 Ribon (1969)

7 133CS 1978 Garg (1965)

8 -c 1978 Mughabghab (1973)

9 152Sm 1980 Mughabghab (1984)

10 153Eu 1986 Mughabghab (1973)

11 14~d 1980 Mughabghab (1984)

12 150Sm 1980 Mughabghab (1984)

13 147Sm 1988 Mughabghab (1984)

14 lwAg 1983 Mughabghab (1973)

15 95M0 1990 Mughabghab (1973)

16 1°IRu 1980 Mughabghab (1981)

17 1°5Pd 1989 Mughabghab (1981)

18 157Gd 1977 Mughabghab (1973)

19 141Pr 1980 Mughabghab (1973)

For Cooling Times Over 5 Years, Gal-l 55 Ranks 1.
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II. EVALUATION

ILA. Thermal Cross Sections

METHODS

In the present wodq we followed closely the same evaluation procedure of the variousthexmal
cross sections as that describedin~u81].

The capture cross sectioq Uy,for a single resonance at energy ~, represented by the Breit-
Wigner forrnalisq is given by:

rr, EO 1
c@)=Go- ——

r E l+yz’

y=:@ -EO), (1)

()2.608x1O’ A+l ‘grn
60 = —.

E. A r-

In this relation rm, r~, and r are the scattering width the radiative width and total width of
the resonance, respectively; co is the peak total cross section; A is the atomic mass numbe~ 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:

(1A+l 2 N gr~irti
0Y(0.0253eV)= 4.099x 10s —

A xj=l E~j “
(2)

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

(3)

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

()A 2N&
at(h) = R’ - 2.277x 103 — zA+l j=lEo”

(4)

3



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

g-:

a = g+a++ g_a_

g+= O+l)/(21+1)

g. = 1/(21+1)

(5)

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

CJd = q++a++g-a-)2 (6)

Ok (spin)= @3+g_(a+–a-~

0s = 4~g+a~ + g_a! )

(7)

(8)

To calculate capture cross sections, coherent scattering amplitudes, and various spin-
dependent scattering cross sections in tern&of neutron-resonance parameters, the above relations,
Eq. 1 to Eq. 8, were applied. These relations were previously implemented in the BNL computer
code PSY325, which was used extensively in previous studies ~u81, 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 additio~ 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 born
either measurements or the systematic investigations of average neutron resonance parameters, as
well as optical model computations ~u81, Mu84].

For target nuclei with non-zero sp~ we relied in some favorable cases on gamma-ray spectra
measurements of thernwdneutrons 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 lNTER 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.

4



ILB. Resolved Resonarnlce Region

1. Assignment of Orbital Angular Momentum Quantum Numbers

The Bayesian approach ~u81, Sm91] is adopted in this evaluation to distinguish p-wave
from s-wave resonances fbr cases where the orbital angular momentum/, have not been determined
fi-ommeasurements. Even though there is a potential danger of incorrect assignments of 1 ~u81,
Ga81], the Bayesian approach was used in several cases in the past [for instance, B068, Mi79].

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

mrn mp
‘(plgrn)=P(gr l~)Pr +~(grnlp)PP +~(grnld)~~ +“. -’

n

(9)

where P(grn Is) is the probability that the neutron width is grn if the resonance is an s-wave

resonance, and P,, Pm and pd are a priori probabilities that the resonance is an s-, p-, or d-wave
resonance, respectively.
reduces to:

Restrictingthe analysis to s- and p-wave resonances, the a60ve equation

[ 1~(grnl~)(D1) “
P(plgrn)s 1+

~(grnl P)(DO )
(lo)

where the level-spacing ratio (D])/(DO) is substituted for the ratio PS/PP. The probabM.y density

fictions (p@ fors- and p-wave resonances were derived [Oh99] from the ~2 distribution proposed
by Porter and Thomas~056]. The results are:

for s-wave,

p(xo)uko =

for p-wave,

[S’’’F?)+W+[X[(’’’(-E2)
WO, —

4=0
——

4?01sol $%2%2 v= &o, (1 1A)



1+22”’(-?:)+”,4=”’‘“ ‘12A)

factors, respectively, corresponding to thej-th resonance spi~ ~, arranged in ascending order, which
can be formed from a given Z value and target sp~ I. The weight is defined by the ratio of the
nuber of~ l-wave resonances to the total number of l-wave resonances ~ch tit W/j= (~l)/(~lj).

Note that for spin zero target nuclid~ weights WO1and wozare 1 and O,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 Jformation. Thus, in Eq. 12A weights are set as WIZ= WIS= Ofor I = O,
W13= Ofor I = 1/2, and w1l = Ofor I = 1. Finally, in the derivation of Eq. 11 and Eq. 12, the neutron
strength Iknction is defined by:

s,=(Ni)/(2z+1)(~1)~d Slj =(r~j)/(D1j).

The J-dependent average level spacing is calculated by the Bethe formula:

1

[ ‘J’~::2)21
—= C(2Jj+l)exp –

( ).Dlj

(13)

(14)

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

l/(DO) = ~ l/(DOj) -
3

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

&o = d(gr.) d(lrn)and d, =
SO(DO)%EVO 3s, (D,)&v*

(15)

where the penetrabilities, lZO= 1 and ~ = k21?2/(1+k21?2), we can calculate the probability that a

resonance at energy E eV and a width = grn is a p-wave resonance. However, such a calculation
requires detailed Mormatio% such as Slj, which may not be avtilable. Therefore, some

simplification is necessary.

When we assume the (2J+1) law of level density, the weight becomes W/j= gl j / G, , where

G, =~g,j . Note that GO=
j

In additio~ with the relation

become:

1 whereas Gl= 3 for I = O,G1 = 9/4 for I= 112,and Gl=2for12 1.

Slj = ~1j S1, where Pl j is the multiplicity of ~, Eq. 11A and Eq. 12A

6



(llB)

{r 1 3
p(xl )&I = a ~

}(1

3x

‘1 K
+(1-a)— -—

2G1 ‘Xp 2G1 ‘

[ ‘i[ 1

grn

= ~~rn&@O)., ‘2~~~LO)$ “p ‘2@@$l
d~rn), (12B)

where a = 1 for I = O, a = 2/3 for I = 1/2, and a = 1/2 for 121. Applying Eq. 1lB and Eq. 12B to
Eq. (10) results in:

I j-’x-p{2(&[+”&)} “(q $6~(plgrn)= I+— —
(Do) $lvo

1.a+(l-a)K “

(16)

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

well as a, depends on the target spin. In general, since the known values of S1are less certain than
those of SO,a set of probabilities was calculated for three different values of S1 to access the
sensitivity of the calculated probabilities on the p-wave strength fi.mction. We note that, regardless
of the magnitude of the calculated probability, the 1 value of a resonance, as determined from
measurements, was not altered.

2. Assignment of Rescnumce Spins

Several methods to assign the spin J of a resonance from measurements are available. For
details, refer to {Mu8 1]. However, for weak and high-energy resonances, spins are difficult to
measure. For those resonances, a method of random assignment is applied in the present study. The
probability that the spin is J! is calculated by:

l/(Dlj)P(Jj)=+=
~Nli ~l/(D*i) “

i i

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

P(Jj) =
(2Jj + 1) 1

2(2Z + 1)~ “
(18)

Whh the above equation as the pd~ and on the basis of a random number, uniform in the [0,1]
interval, the J value of a resonance is assigned.



ILC. Unresolved Resonance Region

1. Determination of Average Level Spacings and Strength Functions

A&r the determination of 1values 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 fimction 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.

Its corresponding cumulative distribution iimction (calf) is given by:

P(x) = J:p(x)dx = erf(&iZ).

(19)

(20)

This pdf is exactly the same as Eq. 1lB for s-wave resonances but slightly differs from Eq. 12B for
p-wave resonances. Figure 1 shows the complement distribution fimctio~ cd~ i.e. 1 – P(x),
corresponding to Eq. 12B fbr the p-wave case. Note that Eq. 12B is reduced to Eq. 19 for I = O
nuclide. Maximum relative difference of about 10°/0between I = Oand 121 cases is observed. Note
that the cdf for p-wave case corresponding to Eq. 12B is:

‘(x)’aem+(l-a){l-expF%(21)

For computational brevity, Eq. 20 was adopted in the analysis for both s- and p-wave
resonances. As will be descrl%edlater, 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 cdfs (Eq. 21) will
be implemented in a later version of the PTANAL program.

After sorting A4 me=ured l-wave reduced neutron widths in descending order, their
distribution is fitted to the complement distribution fimction, cd~ using the following model:

~+.,= Nr{l-@(j-)],
:2+&2. N,{ 1- erf(~~)}~

. . .

9



m +s. = N,{ l-erf(~w)], (22)

where N, is the number of ‘expected’ total number of l-wave resonances and (gr~ ) is the average

reduced neutron width. Since resonances with small neutron widths are usually missed in
measurements it is necessaxyto exclude resonances whose reduced widths are smaller than a certain
magnitude. Then the number of resonances is reduced tom from a total A4measured 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 ej is the
propagated error from gr~i *c$gr~i, which is approximately calculated by:

[1gr;j
exp –-

‘i=%%

dgr;i, gr; = ~gr~i/M. (23)

Now two parameters, N, and (gr~), are determined through the fitting procedure. The

Levenberg-Marquardt method ~r86] is used in this analysis. For (Dl) and (gr~), the uncertainty

of each quantity consists of two parts:

6(D, ) =

/

V’r(Nr) ; 0.522

(D,) N: N,
(24)

The first term originates from the fitting, and the second term is the inherent uncertainty. The

variances of N, and (gr~ ), as well as the covariance of these two parameters, are obtained from the

fitting analysis. The inherent uncertainty of (Dl) is adopted from W@er’s surmise ~157] and that

of (gr~) from the Porter and Thomas distribution P056]. Note that the uncertainty of the level

spacing obtained by Dyson and Mehta ~y63], dD,/D1 =0.45 /N. ~~, is much smaller than

that obtained from W@er’s surmise. The resulting neutron strength fhnction with a known energy
interval AE becomes:

s,= ()gr~ N,

(21+ l)AE
(25)

10
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Fig. 1. Complement cdf for p-wave Neutron Reduced Widths

The corresponding relative uncertainty of SZis:

8 s,

- /[

Var (Nr) +

1

2CdN,,(gri)) Va@’;)) +0.522 + 2

S, ‘“ N;
+ (26)

Nr(gr; ) ()
2

gr: N,

Inmost cases, ~alyzed in this work the uncertainty due to the fitting is much smallerthan the
inherent uncertainty.
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2. Determination of Average Radiative Widths

Average radiative widths of neutron resonances are determined from measurements in the
resolved energy region by calculating the weight~ as well as unweighed, values. For nuclei with
unmeasured radiative widths, we called upon the systematic study of s-, p- and d-wave radiative
widths as a fiction of atomic mass number, as described in ~u84]. In some cases, final adjustments
of the radative 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 ~u99].

12



1[11.RESULTS AND DISCUSSION

IILA. %0

1. Thermal Region

Positive-energy resolved resonance parameters and an effective scattering radius,
R = 7.0 f@ were adopted from Mughabghab’s BNL compilation ~u8 1]. However, in the
resent evaluatio~ 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 6.93M.06 fin ~087~
K091]. A capture cross section of 13.6 b was obtained by weighting 14.Odfl.5 b in the BNL
compilation and 13.4M1.3b of Koester et al ~087a]. The derived bound level parameters are:
&= –26.8 eV, r.= 126 meV, rY= 150 meV and J = 2. As shown in Table 2, the capture cross
sections fkom 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 ~u81] 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 2gr~ vahxes were deduced from the total cross section measurement of natural
Mo ~y68]. Because of the lack of data in the energy region 2. 14–3.23 keV, resonances above
2.14 keV were not includedl 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 thle other hand, this resonance is determined as a p-wave resonance by
measurements. Weighted iweraging of the known twelve radiative widths, two of which are p-
wave resonances, resulted in an average value of 158A14 meV. However, because of the
importance of valence capture of p-wave resonances in this mass region ~u71 ], we adopted a
radiative width of 180 meV for p-wave resonances ~u76]. For s-wave resonances for which
radiative widths are unknov~ 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 ~gr.” 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)= 80.7tl 3.1 eV and (gr.”) = 3.64&l .25
meV. These values yield s-wave strength fimction of SO= 0.45Ml.16. The present (DO) is
consistent with the value of (80i25 ev) ~u76], but not with 55*8 eV ~u8 1], 58S eV Zh92],
and 105AIOeV ~e98]. The So value is consistent with Musgrove’s value (0.48MI.10), slightly
larger than that recommended in the BNL compilation (0.35Ml.07) ~u8 1], and smaller than

13



(0.60MI. 10) ~e98]. For p-wave resonances, those with a X.l value smaller than 25 meV were
excluded from the fitting procedure. The final fit, shown in Fig. 3, resulted in (Dl) = 34.7+4.3
eV and S1= 6.54*1 .68. The latter value is consistent with those reported in the BNL compilation
~u81] (7=), Koester et al ~087b] (6.2M.7), and Musgrove et al. ~u76] (7.5fl.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 95M0at 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 hig~ 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 ~u98a]. 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, respective y.

In the unresolved resonance regio~ average capture cross section measurements of
Musgrove et al. ~u76], which were corrected later by Allen et al. [A182], and Kapchigashev
and Popov ~a64] 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 S1 deduced from the resolved
resonances, S2 read from a spherical optical model calculation in the BNL compilation ~u84],
and @y) of 150 meV fors- and d-wave whereas 180 meV for p-wave resonances. The resulting
calculated capture cross section is larger by 10’%to 15°Athan 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 (DI) 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 pefiormed up to an energy of 206 keV. The present cross section
is compared with 292+12 mb [Wi87] (see Beer’s compilation ~e92]) and 380fi0 mb ~u81].

14



Table 2. Thermal Characteristics ~Mo)

Quantity Unit 13NL 98CRC ENDFI JENDL-
~4u81] ~098] B-VI JEF-2.2 32 Present

R fm 7.ojsI.2 5.50 7.0 7.0 7.0

070 barn 14,CM0.5 13.4M.3 14.6 14.0 14.0 13.6

OsO barn 2.48 5.21 5.57 6.41

gw ● 0.9990 0.9987 0.9994 1.0000
RI-

barn 10945 10H5 113 110
Capt.””

119 111

RI-total’” barn 291 306 334 315
*Westcott factor for capture cross section.

** Integrtied from 0.5 eV to 100 keV with l/E spectrum.

Table 3. Average Resonance Parameters for the Unresolved Resonance Region ~~o)

Quantity Unit
BNL ENDF/ JENDL- PT ‘resent

~u81] B-VI JEF-2.2 g z.
Analysis

Adopted

R Fm 7.OiO.2 6.68 7.0

@o) eV 55*8 78.86 80.7*13.1 69.4**
so Xlo+ 0.35+0.07 0.37 0.45+0.16 0.45

C,o) meV 16(H20 232 150

@1) ev 39.43 34.7&4.3 34.7**
S1 X104 7&2 5.48 6.54*1.68 6.54

r, 1) meV 232 180

@2) ev 26.29 23.1””
S2 X104 0.365 1.70

T,2) meV 232 150

* Average parameters at the low energy range of the unresolved region (2.04 kev).
** Value at the neutron separation energy of 9!M0.
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1. Thermai Region

Iii3. 99TC

The thermal capture cross section at 0.0253 eV (2200 mkc) and the bound coherent
scattering amplitude were adopted from the BNL compilation ~Wu81]. The ca@ure cross section
recently measured by Hara.da et al ~a95] was not considered since it was based on an incorrect
Is.lf-1:+% nf lqc. Um..xle of ml xd~a~ ]~.~ WC>IIrh;la +hn rnmnm+Ycuvw.nmnmAaAxml,,a ;. 1< Q enPaLsbaA-a,Lw “. sAu WUcb*S “,. “I,,, w t.,lw 1WWw,,c , WW”,, U,*WI,” WU TU,UW Ss A4 .“ —

[Au95]. A bound level was invoked to fit a coherent scattering amplitude of b‘ = 6.8+ 0.3 fin
---.-I*. i[MUZ511ana me thermal capture cross section ~hM3i]. TO determine the parameters of the bound
level, a potential scattering radius of R‘ = 7.0 f~ based on systematic study and optical model
calculations ~u84], was applied in the analysis, The resulting parameters are: & = –20.318
eV, J=4, rn= 35.5 reel’, and ry = 109.5 meV. Table 4 summarizes the present calculated
thermal values which are (compared with previous evaluations. The calculated Westcott factor
for capture is gw = 1.0036.

2. Resolved Resonance Parameters

The BNL resonance parameter compilation of ‘Tc ~u81] is based on available
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 spins of other resonances were not determined
experimentally, these were assigned randomly on the basis of the 2J+1 law for the density of
resonances. Figure 5 displays the result of the Porter-Thomas distribution analysis of reduced
neutron widths, on the assumption that all resonances are treated as s-wave levels. Note that
‘beiOw0.01 (eV)!’n, there is an excess of weak resonances, indicating the presence of p-wave
resonances. Whh this cutoff value, the analysis was carried out (Fig. 6), leading to an averages-
wave level spacing DO=15.4 ~ 2.0 eV, and an s-wave strength functio~ SO= 0.43 f 0.10.
An-alar momentum assignments (1= 0, 1) were carried out with the help of Bayesian
methodology. Figure 7 displays the Porter-Thomas distribution for p-wave resonances. For a
-. .*- ..-I ... -e fm~lhllz -. n 12 (Axnllz
WIUE valuG U1 (&l “J ...fi ..b.:- +i.,. c-n-.:-,.. . . ..1 . . . . . n —C fi~ n n -17 ..d c.= u.1.I (G V) , WG UULdll LIIG lUAIUW1lI~ ValUGS. ul — U.u-L U.7 G V ~lU 01

= 7.3 f 1.6. The latter value k consistent With optical model calculation ~u84]. 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-
-“arrn, waennmnon d < <Q nX7 ~~ ~~f) hme;e nf rn.nnt rr.l 1071 ~n,~ p~~\,~~lJ~@7$j> w~7Q]Wxlws~J 1kawsauafiwuUb4..JU w1 . UUO1O U. I-W-SIL LUU> # J

measurements, we obtain rr = 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.
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.
Three capture cross section measurements [Ch73, Li77, Ma82] are relevant to the -

unresolved energy region. When compared with the ORNL data ~a82a], the RPI data ~177] 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 additio~ the average p-wave radiative width and the d-wave strength iiuwtion are
obtained from the systematic investigations ~u84]. An energy-dependent level spacing with
the relevant parameters of Mughabghab and Dunford ~u98a], as well as a spin dispersion
parameter of 2.8 ~u98b], were applied in the calculation of the capture cross section. To fit the
ORNL data ~a82a], the average s-wave radiative width was adjusted fi-om 173 meV to 130
meV. This value is consisten~ within the error limits, with 115* 17 meV determined by
Macklin ~a82a]. In additio~ an adjustment of the p-wave strength function was made iiom a
value of7.3 to 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 ~e98]: <D&=12.8& 1.8 eV, SO=0.48+0.07, and <rY&=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 ~e92]. The calculation is petiormed 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
BNL 98CRC ENDF/B- ~F22 JENDL-

Present
~u81 ] ~098] VI

-.
3.2

R’ fm 6.()~().5 - 7.91 6.0 6.0 7.0

b’ fm 6.8+-0.3 6.8+ 0.3 7.38 5.22 6.75

lqlbarnl-l- I 6.88 I 3.54 I 3.43 I 5.81 I

I RI-Capt. I barn I 340+20 I 400t40 I 350 1 304 I 312 I 312 I

Table 5. Parameters of the 5.58 eV Resonance of ‘Tc

r

Parameter unit
BNL ENDF/B-

JENDL-3 .2
Gunsing

~u81 ] W* [GU971

grn meV 1.755 2.25 1.885 1.864 I 1.806 I

I Present I

I r, I meV I 177+18 I 134 I 168.1 I 149.2 I 140 I

* ENDF/B-VI uses a bound resonance at -6.4 eV.
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Table 6. Average Resonance Parameters for Unresolved Resonance Region ~Tc)

Quantity

<Dl >

1

&

Y

L

s;

< ryz>
*Value at

unit
:ENDFfB-

VI

fm I 7.91

eV

X104

me-v”

ev

XIOA

6.10

3.88
. a-
1Zz

meV 1-

6.80 I 6.216 I 6.0+ 0.5 ] I 7.00

131 I 1$!7 I 160 I I 1’3(-).- - --- --- ---

9.49 10.29 6.0~0.9 7.68**

8.94 5.52” 7.3 & 1.6 6.0
.-.1s1 . -“15/ . .-14u

6,70 6.86 5.25**

0.55 0.64” 1.0

131 187 130

le low energy (4.219 kev) range of the unresolved resonance region.
** Value at the neutron separation energy of lWTC.
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IILc. l“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 ~65], which
yields CY=3.0 b, and with Mughabghab’s BNL compilation ~u8 1], Uy= 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 Anufiev et 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 additio~ weak observed resonances, identified as belonging to 10IRu, 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 ~a80] resolved resonance parameters above 2.6 keV were
not included in this evaluation.

The average radiative widt~ calculated from the known 11 radiative widths below 1.035
keV, is 184+10 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 ~a80] for 10 resonances in the energy
region 2.874-4.433 keV, and 175 meV of Popov et al. ~079]. However, it is smaller than
21%19 meV determined by Anufiev e( 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*I.8 eV and (@’,”) = 1.21N.28 meV. These values
yield s-wave strength flmction of So = 0.62MI. 15. The present (DO)is consistent with values
reported in the BNL compilation (D = 16+2 ev), RJPL ~e98] (18+3 ev), and Popov et aZ.

~079] (18fi ev). The So value is consistent with those of Macklin and Halperin ~a80]
(0.59+0.04) and Popov et aZ. ~079] (0.61N. 13). However, it is somewhat larger than the values
quoted in the BNL compilation (0.54Hl.04), RIPL ~e98] (0.56M.05), and Anufiev et al.
[An85] (0.547M.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 ener corresponds to the threshold energy of inelastic neutron scattering

Pto the first excited level of 1 lRu. In this regio~ the average resonance parameters for s-, p- and
d-wave were provided. Since the upper energy of the unresolved resonance region is relatively
high d-wave contribution is not negligible. An energy-dependent level spacing according to
Gilbert-Cameron level density formula with associated parameters adopted from Mughabghab
and Dunford ~u98a] was applied in the calculations. On the basis of the (2J+1) dependence of
the level 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 Halperin ~a80],
corrected later by M.acldin and Winters ~a8 1], was considered in this evaluation. As a first
~ttemnt ~~ t-h-e mm h Iatinn ~f ?h~ ~q~~~~ ~~~~~ .wctinna-------r- - . . . . . . . . . . ~h~ fo]]ow@ p~r~rn-@~~~ w~~~-------

implemented: 1) (DO)and So values which were derived from resolved resonances; 2) S1 and Sz
vaiues ofhiackiin and Hailperin; and 3j (~yj “”” “” -= I54 me v ror s-, p- and d-wave resonances. Tinese
parameters resulted in a calculated capture cross section which is in good agreement with the
measurement ~a80, Ma81] below 100 keV, but above 100 keV 5°/0 it is larger than the
measurement. Subsequently, to achieve an improved fit at the high energy, S2 was reduced to
1.2. This S2value is consistent with reported measured values in the mass region around A=1OO
IM1184 Fi~ ,S]. The finalized p~rarneters Of the present evaluation me listed in Tab!e S. The~-.—_-., —.=. --.-—...—-—
capture cross section data amdthe final calculated fit are shown in Fig. 10.

Maxwellian-averaged capture cross section for a temperature of 30 keV was computed as
----- - —.y Ju mb. “mthe N 1~K calculation up to i ‘Me-v’,the capture cross sections for the ener~ region
from 127 keV to 1 MeV were adopted from the ENDF/B-VI evaluation. The present cross
section is compared with 996*4O mb reported in Beer’s compilation ~e92] and 1011 mb in the
BNL compilation ~u81].

;~:
Table 7. Thermal Characteristics ( Ru)

.. . - ---- - -. -- ,

Quantity unit co :; ‘;-g{
JENIJL-

JEF-2.2 -;;” Present

R fm 5.617 6.9 6.1 6.53

670 barn 3.4M.9 5*1 3.43 3.41 3.36 3.45

OsO barn 3.23 5.05 3.74 4.50

gw ● 1.003 1.001 1.001 1.0016

RI- bm
10H2O

Capt.”” 110+3O 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.
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Table 8. Average Resonance Parameters for the Unresolved Resonance Region (lOIRu)

Quantity unit

lRlfm

@o) ev
so X104

0-,0) meV

@1) ev
S1 X104

(r, 1) meV

D 2) ev
S2 X104

C,2) meV

Present

&Yl]
ENDFM JEF-2.2 ~*L- PT

Analysis
Adopted

5.617 6.90 5.062 6.53
** 20.42 18.29 25.58 19.3+ 1.8 19.3+

o.541ko.04 0.59 0.59 0.59 0.62MI.15 0.62
18&t15 180 180.3 173 183.7

8.75 9.53 12.79 9.65+
6.lM.4 6.00 6.10 6.10 6.10

180 190.4 173 183.7
6.30 6.76 8.53 6.43+
2.00 1.12 0.53 1.20

180 180.3 173 183.7

* Average parameters at the low energy (1.06 keV) of the unresolved region.
** mean observed level spacing = 16H eV.
+value at the neutron separation energy of 102Ru.
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IILD. %?h

1. Thermal Region

Known positive-energy neutron resonances account for the thermal capture cross section
Iar.. oll L..* --- *L- L-..-A --L ..--4 ---u-d-- 1 . ..-AL L9=eootin AL
LIVIUO 1 J, UUL IIUL LUG WUILU WIIGI GIN ~GI ul~ lwl&I~ u

----A-4 L.. v--A—
d. 00J3). W 111~ 1 C~l LCLL Uy hUGSLGl

~091]. 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 widfh of the first resonance at
1.259 eV flom 154 meV to 151 meV. This provides about 2.25 barns of capture contribution for
the bound level. With this conditio~ the parameters of a bound level are determined as: & = -55
~v, r=s 101 meV, and r?= 160 meV. In this calculatio~ an effective scattering radks of 6.56
fm was adopted fkom the work of Ribon ~70]. The Westcott factor for capture is calculated as
1 n?’?o ~- tk.~ol -Lo,PmA-&c+;e.a-. emm--.nrlrl k Tokl. Q nwzl ova enmmm-d xA+h nthnrA.wA&z. a law UawaLauu Wnaalawbwl Isbawil a w -alaLanw -Wu JaL A auati M ca4mJw w Wulpa w maul Uuawa

valuations.

2. Resolved resonance parameters

Transmission data of Ribon ~70] at Saclay covered the energy region up to 4140 eV.
In additioq the capture [iata of Carlson [Ca71b] covered the energy region up to 989 eV.
Mackiin ~a80] renorted !>arametersfrom capture measurements in the enerwq region horn 2644-=. . . . .
to 4163 eV. The upper limit of the present resolved resonance region is set to 4.116 keV.

According to MacHin ~a80], there is a problem with Ribon’s energy scale ~70]. In
.. .
trus evaiuatio~ correlation anaiysis between Mackiin’s energies and those of Riiion show that the
time of flights are related by:

t = 0.99906891+ 6.0584518X 10-5t~i~fi.

We note that Macldin’s ~~n 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 #. 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, S1, and Sz ~a80] are about a factor 1.5 larger than the
cmesponding values obtained from the systematic studies ~u81]. However, we adopted
Macklin’s energy scale.

The 1assignments were petiormed by the Bayesian method. For all observed resonances,
the resulting cumulative Pclrter-Thomas distributions are displayed in Fig. 11. Fors- and p-wave
resonances, the fits are shlown in Fig. 12 and Fig. 13, respective y. The average resonance
parameters fors- and p-wave resonances, derived from this analysis, are summarized in Table 10
and are compared with ~u81 ], as well as other evaluations.

3. Unresolved Resonance Parameters

Since the first excited level of 103Rhis 39.756 keV, the upper limit of the unresolved
resonance region is set to 40.15 keV.
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With the exception of minor adjustments in the s-wave radiative width and the p-wave
strength fhctio~ the average resonance properties, obtained from the analysis of the resolved
energy regio~ 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 ~u98a]
and spin dispersion parameter of 3.1 were adopted from ~u98b]. The average p-wave radiative
width and the d-wave average parameters, assumed in this evaluatio~ are based on the
systematic investigation ~u84]. The capture cross section in the unresolved energy regio~
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 Wlsshak et al at Karlsruhe
~i90] and Bokhovko at Obninsk ~085] were considered. Earlier measurements were reported
in the curve book of M&ane et al ~c88]. The calculated capture cross section of the present
study shows good agreement with the recent data of ~i90] up to 100 keV.

Maxwellian average capture cross section for a temperature of 30 keV for the energy
region 10-5eV to 225 keV was computed as 809 mb. This is in excellent agreement with a value
of810 Y 15 mb @e92].

Table 9. Thermal Characteristics (103Rh)

Quimtity Unit
ENDF/B-

;%1] w
JEF-2.2 JENDL-3 .2 Present

R’ fm 6.2t0.3 7.09 6.20 6.20 6.56 “
b’ fm 5.oto.l 6.13 5.88

Cr.f barns 145i2 147 146 147 145
Gs barns 4.69 3.43 3.28 4.37

RI-capt. barns 11OO*5O 1035 1035 1040 1036b
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Table 10. Average Resonance Parameters in Unresolved Resonance Region (103Rh)

ENIDF/B- ~F22 JENDL- BNL
Present

Value unit
v-l

-.
3.2’ ~u81] PT

Analysis
Adopted

R’ fm 7.09
6.20b 6.20b

(6.56)’ (6.521)’
6.2A 0.3 6.56

<DO > eV 10.12 25.77 32.13+ 16* 1 28.6* 1.6 28.6~

so X104 0.43 0.485 0.445 0.53 * 0.05 0.57* C).C)9 0.57

c r70> meV 153 161.25 230 160f 15 170

<Dl > eV 13.5 11.86 14.28+ 14.5* 0.6 14.3d
s, X104 5.6 6.332 4.15 5.5*( ).9 5.o+06 4.81

<rYI> meV 153 161.25 230 150

<Dz> eV 7.52 8.57+ 9.48*
S2 X104 0.595 0.53 1.0

c rYzz 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~egion.
d) Value at the neutron separation energy of l~Rh.
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i. TinermaiRegion

An evaluated thermal capture cross section of 105Pd,GYo= 20.8 b, was obtained by taking
a weighted avera~e of 22.&kl.5 b ~u82] ~d 20.4&0.9 b. The latter Wm deri_vedby subtmcting_-_G- ––——.
the isotopic contributions from a value of 6.6+0.1 b for the natural element [An80]. Since the
.-.-*J L..*:-- -r --.:& :..- ------ ----------- &-*L- ●L. —-..1 -.-&--- ----- ---:... - -. A A*C2 -Xr :“
UUIIL1 lUULIUll U1 ~U31Ll VG GllGl~y 1 GM)llallVGS LU L1lG LIIG1 llldl ULPLU1 G UIUX$ SCU1lU1l dL U.UA2~ C V 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 thermai neutrons [0r70] 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 et al.’s [G187]
incoherent scattering length b+–b- = –5.2fi.8 fi and a coherent ~ttering length b = 7.3 fi,
by the subtraction method. However, with these values it was not possible to obtain consistent
re~it~. F;mal adiilctmentc nrirw;nallv ;n the inenherent ceatterincr lenuth hari tn ha maAe ~~~a . ..-. Wsa, -” . . ..w...”> y. . ..-. y-... . . . . . . . . ..””..-. -... “-..”. . . .

& ~-~~e)~~y ..-- .“ “v .,*UV”.

bound level parameters are presented in Table 11. With these parameters, IS.&= 7.263 b
(b= 7.61 fi~, ~~c = u.ulz b (b+ –b. = –1.3 fmj, and 070=

------
20.9 b. Comparisons of the thermai

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.

~. R +wnlved R ~cnnnnre Pwamderc..-—. . — ..-”v. -..-” . - . . . .. . . . “

m-------- ---- —-.--” —--.-.4 I-. c.-.-1-- -. -I rc.7nl ------ -A_-. _J :- .L:_ ----s.. -.:_-
ACSUILitIIGG ~ill illllCLCI S IllC~SUI GU Uy DLdVGIUZ Cl U1. L-L/ 7J WGI C ilUU~LtXl 111 LIIIS GVLUUdLIUI1.

These preliminary results were the main source in Mughabghab’s BNL compilation in 1981
~Mu8i j. of a totai of 198 positive-energy resonances, i4 i 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 et 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
-...:-----+ .mm.._-e ●k.t +L-1-.,-1 A-w.: +., :. -ran-+;a-ml +- (9TA1 \
=Ol~lllllWLL -UlllWO LIUW UIG lW V&l UW1-l LJ la ~1 U~U1 LIUIKbl LU (A4 o 1].

TinediStflbUtiOnSofs- and p-wave reduced neutron widths were anaiyzed 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 ZZvalue. In Fig. 15, the fit to
the data resulted in (DO)= 10.32+O.47 eV and (-dgo) = 0.68H.08 meV. These values yield s-
wave strength function of So= 0.66M).08. The present (Do) is consistent with values reported by
C+.., -I-- ,.4 -1 rc&7n7 Dxn . . . ..-...l.+.-. /ln AM <1 rRA.. Oll . ..-/l DIDT l_D.nOl /lA 9JJ) <\ T’%...
OLaVGIUL. G~ LU. LDLI 7J, DINL VUlll~llaLIUI1 (l U. UAU. ~J LIVIUO lJ, OllU ~k LAG70J (lU.~MJ.2J. A llG

present Sois consistent with those reported in the BNL compilation (0.6MI. 1), IUPL (0.6@0.05),
and by Staveloz et al (0.63M.07). In additio~ the possible deviation from a Porter-Thomas
distribution with one degree of freedom was investigated. Pandita and Agrawal ~a92]
calculated v as 1.69 for this nuclide and suggested that intermediate structure is a possible reason
~n- . ~hx,;-+:Am &-n_ m DAAaw-ThA_m.~:.+.: k.,+;nn[. -1\ UA..,a.ra*lUi a UWVICLLIUI1 AI Ulll Cl 1 UILWI - A !lWil KIS UJOL1 iUUL.lUII \V—l).

A.AAJ :“ -lx” IK
Iluwwvw> as uq.nwwu 111 mm=. Au,

concentration of strength in the considered energy region was not observed. Even though the
- .—.

fitting with v=2 (Mg. 17) seems siightiy better than that for v=i, the iatter 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
(IA) = 5.07~.76 eV and S1 = 4.56*1 .00. This p-wave level spacing is consistent with other
evaluations. The derivecl p-wave strength fimction is also consistent, within the associated
uncertainty range, with values of 5.8M.3 in the BNL compilation ~u81 ] and 4. lM.4 of Koester
~087].

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 fust excited level of 10sPdat 280.51 keV.
In this regio~ average capture cross sections measured by Macklin et al. ~a81, Ma79], and
Comelis et al. [C082] 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 ~u98a]. 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-sectio~ the
following parameters were initially applied: 1) (DO)and So values which were deduced from the
resolved resonances; 2) S1 which was adopted from the BNL compilation; 3) S2 which was
assumed to be the same as SO; and 4) a ~y ) of 148 meV for s-, p and d-waves. These
parameters resulted in a calculated cross sectio~ which is larger by about 15’%0at the low energy
region and lower by a few 0/0at the high region than the measurements. Subsequently, to obtain
good agreement with the measurements, So and S2 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. ‘Ilk value is in excellent agreement with 1.20+0.06 b ~e92] and 1.19 b in the BNL
compilation lJkfu81].

Table 11. Bound Level Resonance Parameters (1°5Pd)

eResOnancespin‘caa~~dthCap::dth
–29.64 /=0, J=2.O 173.0 148.0

–15.84 /=0. J=3.O 25.68 148.0
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Table 12. Thermal Characteristics (1°5Pd)

Quantity
98CRC ENDF/

JEF-2.2
JENDL-

Present~098] B-VI 3.2
R fm 6.6B.3 6.60 6.695 7.05 6.60

670 barn 20.0+3.0 22B ‘ 20.1 21.8 20.3 20.9
as” barn 5.0+0.6 5.01 5.22 5.13 7.36

gw ● 0.9973 0.9951 0.9986 0.9995

R.I-
barn 62.2 6&E20 111 93.1 96.8 95.2

Capt.””
RI-total””

barn 200 175 168 186

* WestcOtt factor for capture cross section.
** Integrated from 0.5 eV to 100 keV with l/E spectrum.

Table 13. Average Resonance Parameters for the Unresolved Resonance Region (1°5Pd)

Quantity unit

R’ I fm

@o) ev
so X104

(1-,o) meV

*

@I) ev
S1 X104

c 1) meV

02) ev
S2 X104

(1- 2) meV

ENDF/ JENDL-
;%1] B-VI JEF-2.2 ~ 2*

6.6i0.2 6.695 4.60

10.OM.5 10.3 5.30
0.6H). 1 0.58 0.60
145+8 155 145

5.16 2.65
5.8i0.3 4.80 5.80

155 145

3.44 1.77
0.60 0.98

Present

%
10.32M.4

7
10.3**

o.66i0.08
0.50

148
1

5.07H.76 I 5.16””
4.56~1.00 5.80

148

I
3.43**
0.80

148

* Average parameters at the low energy end (2.049 kev) of the unresolved region.
** Value at the neutron separation energy of l-d.
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Itt.F.

1.

as the

lmAg

Thermal Region

The resolved resonance parameters in the energy region from 5.9 eV to 2.5 kef( as well
effective scattering radius, R‘ = 6.6@ were adopted from the BNL compilation ~u81].

Since positive energy r&onances account for the the~al 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 ~u8 1], and existing evaluated libraries.

2. Resolved Resonance Region

To resolve a discrepancy in the existing cross section measurements of lwAg several new
measurements, which reported resonance parameter information since the BNL compilation
~u81], were carried out ~a82], ~83], [C097], and ~097]. These data were incorporated
partially in the ENDF/B-VI revision and JENDL-3. In the present evaluatio~ the parameters of
neutron resonances up to 2.506 keV were basically adopted from the BNL compilation ~u81 ].
Below this energy regio~ the spin assignments of Corvi et al [C097] and the neutron widths of
Lowie et aZ. ~097] were adopted. The resonance parameters from 2.6 keV to 5.0 keV are based
on the data of Macklin ~a82b] and Mizumoto et d. ~83]. Even though individual resonance
parameters were reported ~a82b, Mi83] up to 7 key 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 @. values were
calculated from the reported capture areas ~a82b] for an assumed spin statistical factor, ~ and
an assumed constant radiative width of 143 meV. In this procedure, consistency, within the
quoted uncertainties, was achieved with the parameters of Mizumoto et d. ~83]. For strong
resonances, the scattering widths of Mizomoto et al. were adopted. In some favorable cases, the
capture areas ~a82b] were combined with the transmission data ~83] to deduce spins of
resonances. Of a total number of 307 resonances, 236 were assigned as 1=0 and the remaining as
/=1 by Bayesian analysis. Resonance spins were assigned randomly to those resonances for
which the spin is not reported in the BNL compilation ~u81 ], Lowie et al. ~097], or
determined in the present analysis. The weighted-average value of the radiative widths of 21 s-
wave resonances was calculated as 129.932.6 meV, which is in very good agreement with that in
the BNL compilation (130mev)~u81] and RIPL (130+20 mev) ~e98].

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 result 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.&!41.8eV and @.”) = 1.O&O.10
meV. These values yield s-wave strength fimction of SO= O.52t0.05. The present (DO)value is
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consistent with 2M2 eV ~83] but is much larger than the values, 14i2 eV ~u81] and

15.1*1.4 eV ~e98]. The present SOis in good agreement, within the uncertainty limits, with
reported values: 0.46N. 15 ~u8 1], 0.45i0.05 [Mi83], but not with 0.75M.08 ~e98]. For p
wave resonances, the fitting analysis, with a cutoff of 11.5 meV for the p-wave reduced width
resulted in @l) = 10.5N.1 eV and S, = 1.3ltO.29 (Fig. 22). Even though the level spacing
seems to be reasonable, the p-wave strength fimction is quite low in this mass region
(S1= 3.8k0.6) ~u81]. 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 pwave resonances.

3. Unresolved Resonance Region

In the unresolved energy regio~ 5 keV–88.8 keV, the average capture cross section
measured by Macklin ~a82b] ‘was‘adopted as the reference cross se~ion. - The cross section
measurements of Bokhovko et al @087] and Mmmoto et al ~83] show relatively good
agreement with Macklin’s measurements. Earlier measurements reported in the Neutron Cross
Section Curves ~c88] are discrepant with these three measurements. Since the d-wave strength
fimction has a minimum value in this mass region ~u8 1], the small d-wave contribution to the
capture cross section below 88 keV, was not included in the analysis of 109Ag. The average
resonance parameters which were applied in the present calculation are listed in the last column
of Table 15. We adoptecl SOvalue which was increased by its uncetiainty to improve the fit.
From the (2J+1) exp{-(J+-l/2)2/2a2} dependence of the level spacing, the average level spacing
of p-wave is calculated as 1/2.005 of the s-wave spacing for a spin dispersion parameter c =3.2
~u98b]. The adopted awerage gamma width is obtained by weighting Macklin’s value of
146M meV ~a82b] and a value of 129.9fl.6 meV derived from resolved resonances. Figure
23 compares our calculated capture cross section with measurements @3087,Mi83, Ma82b], as
well as the ENDF/B-VI evaluation.

Mamvellian-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 @3e92].
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Table 14. Thermal Characteristics (lWAg)

Quantity unit

H--Ew
*

* WestcOtt factc
** Integrated fioi

JENDL- LIPAR-5 ~rewnt
JEF-2.2 32

[Ab97]

6.6ti.2 6.60 6.60 7.05 6.60

91.0+ 1.0 91.2 91.0 90.8 90.5 90.7 90.8

2.55W.06 2.25 2.30 2.48 2.42 , 2.12

1.006 1.005 1.005 1.0050 1.0053

140H400 1480 1471 1473 1470 1467 1476

1691 1690 1689 1691

for capture cross section.
0.5 eV to 100 keV with l/E spectrum.

Table 15. Average Resonance Parameters for the Unresolved Resonance Region (lWAg)

ENDF/ JENDL-
Present

Quantity unit ~-w JEF-2.2 g 2*
;31] ‘T

Analysis
Adopted

R’
fm 6.30 6.618 6.6i0.2 6.60

(D,) eV 16.07 19.40 14H 20. OMI.8 20.0””

so X104 0.64 0.54 0.46H.15 0.52f41.05 0.57

(rTo) meV 132.3 130 130 133

(D 1) ev 7.379 8.621 10.5H.1 9.97**

SI Xlo+ 3.95 4.263 3.8ti.6 1.31+0.29 3.0

(ry 1) meV 132.2 130 133

(D 2) ev 4.664 5.173

S2 X104 2.5 0.53

(rT2) meV 132.2 130
-. . . .—-. .—-. -.
“ Average parameters at the low energy (7.01 keV) of the unresolved region.

** Value at the neutron separation energy of 11°Ag.
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IILG. 131Xe

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 129Xeand
131Xe)from the natural element thermal capture cross section of 23.%tl.2 b ~u81]. An
effective potential scattering radius, R= 5.4 fq was adopted from a deformed optical model
calculation reported in the BNL compilation ~u81, Fig. 1]. The resonance parameters of the
bound level were determined as: EiI= -26.65 eV, J = 2, rn = 303.5 meV, and r~ = 112 meV. The
contribution of a bound level to the thermal capture cross section was calculated as 22.1 b. A
comparison between the present thermal cross sections, as well as resonance capture and total
integrals, with those of ENDF/B-~ 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 iiolm those of the present evaluatio~ JEF-2.2, JENDL-3.2, and the BNL
compilation ~u8 1].

2. Resolved Resonance Parameters

The resolved resonance parameters were adopted from the measurement of Ribon ~69].
On the basis of reported r and 2@n, where a is the abundance of Xe isotopes, five resonances
at energies of339.0, 703.5, 1380.3, 1891.0, and 2234.3 eV were assigned to 131Xein the present
study, in addition to the 41 resonances identified by Ribon for 131Xe. A p-wave resonance at 3.2
eV [Sk96] was included in the present evaluation. The present resolved energy region extends
to 3.95 keV. Of a total of 47 positive-energy resonances, 45 were assigned as s-wave and 2 asp-
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 nleV. This average value was assumed for those resonances for which
radiative widths are unknown. The present average value is consistent with that reported in
RTPL ~e98] (114i37 mev), as well as that which is obtained from the s-wave systematic of
radiative widths in the BNL compilation ~u84, 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 widt~ the fit resulted in (gr.”) = 3.37N.85 meV and
(Do) = 42.8+5.0 eV. These values yield s-wave strength finction of So= 0.79i-O.20. The present
(Do) is smaller than that presented in the BNL compilatio~ but is consistent with (45*15 ev)
~e98]. While the present So value deviates from the values (1.2MI.4) ~u81] and (1.2t0.3)
~e98], it is consistent with Ribon’s value of 0.85~~~ ~69].
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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 ener

Y
corresponds to the threshold energy for neutron inelastic scattering to the

fwst excited level of 31Xe. 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 ~u98a] (neutron
separation energy = 8.936 MeV, pairing energy= 2.16 MeV, and level density parameter = 10.58
MeVI). The dependence of the level spacing on exp{-(J+l/2)2/2c?}, as well as (2J+1), was
taken into account. Wkh a value of 6 = 3.0 ~u98b] 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.

Utiortunately, 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 S1 is obtained from a deformed optical model calculation ~u84,
Fig. 4], and the value of S2 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 sectio~ 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 compilatio~
453 t 81 mb ~e92]. However, since Beer’s value, as well as those reported in Bao’s
compilation ~a87], is not based on measurements, the validity of the present evaluation is to be
resolved by fiture measurements.

Table 16. Thermal Characteristics (131Xe)

Quantity Unit
98CRC ENDF/

JEF-2.2
JENDL-

Present
~098] B-VI 3.2

R fm 5.85 5.40 5.31 5.40

070 barn 85~lo 90*1o 90.6 85.1 85.0 90.0

Crs” barn 4.32 24.3 24.0 1.19

gw * 0.9996 1.001 1.001 1.0014

RI-Capt. barn 900+1 00 900+100 1016 890 900 882

RI-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 (13iXe)

Quantity unit ‘
ENDF/ JENDL- PT ‘resent

;[%1] B-VI JEF-2.2 ~ 2*
Analysis

Adopted

R fm 5.63 5.40

P o) eV 7c&20 35.5 42.8ti.O 42.8**
so X104 1.2M.4 0.70 0.79M.20 0.79

C,o) meV 114 112.3

D 1) ev 17.7 24.7**
S1 Xlo+ 1.58 1.40

c, 1) meV 114 112.3

@2) ev 11.3 19.4””
S2 X104 0.99 0.79

T,2) 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 132Xe.
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ItLH. l=CS

1. Thermal Region

In the present evaluatio~ two bound levels were invoked to reproduce a thermal capture
cross sectio~ cr~o=29. Ckkl.5b, recommended in Mughabghab’s BNL compilation ~u81], an
incoherent scattering length b+–b- = 2.61+0.3 ~ measured by Glaettli et al. [G179], and a
bound coherent scattering length b = 5.42M.02 f@ adopted from Koester’s compilation ~091].
An effkctive scattering radius, R’ = 5.3 fm was obtained from the BNL compilation ~u8 1]. In
additio~ 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 ENDFLI-VI.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
BNL compilation~u81] and Holden compilation ~098].

2. Resolved Resonance Parameters

The primary source of resolved resonance parameters for this nuclide is the BNL
compilation ~u8 1]. In addition to this source, measurements by Nakajima et al ~a90],
Macklin ~a82c], and Popov and Tzeciak ~081] were incorporated into the present set of
parameters. By combining the capture data with the transmission dat~ 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 ~a90, Ma82] were represented with average resonance parameters
in the unresolved resonance region. On the basis “ofBayesian 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) ~u81 ], RIPL ~e98] (12ti10 mev),
Nakajima et al. ~a90] (119H mev), and Macklin ~a82c] (134*8 mev), within the associated
uncertainty range.

The distributions ofs- 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

@IIO) = 1.44M. 17 meV and (Do)= 19.8N.9 eV. These values yield an s-wave strength finction
of so = 0.73 N.09. The present (DO) is consistent with values recommended in the BNL
compilation (20.65f2.3 ev) ~u81 ] and RIPL ~e98] (2 lfl ev). However, it deviates born the
values reported by Nakajima et al. ~a90], 22.4* 1.5 eV, and Anufilev el al. [An78], 16.3&2.3
eV. The present SOis consistent again with values in the BNL compilatio~ 0.7&k0.07, and
RIPL, 0.76+0.10, as well as with that reported by Nakajima et al ~a90] 0.77+0.09. For p-wave
resonances, the X2value of the fit for all the observed resonances was very large. It is clear from
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Fig.27that manyweak p-wave resonances weremissed. Subsequently, resonances withreduced
widths, (gl_’nl),smaller than 12.5 meV were excluded from the analysis. As shown in Fig. 27, we
obtained a good fit, with a 95°A cotildence limit, which resulted in (gI_’.l) = 5.27+1.25 meV,

@l) = 14.~3.5 ev ad S1 = l-25~.37. B-= of the small samplesize 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
f~st excited level of 133CS,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 pammeters adopted from Mughabghab and Dutiord ~u98a] (neutron
separation energy = 6.891 MeV, pairing energy = 0.0 MeV, and level density parameter = 14.2
Me~l). Because of the large target spin of this nuclide, 7/2, the dependence of level spacing on
(2J+1) exp{-(J+l/2)2/2c?} was taken into account. Whh a value of c = 2.8 for the spin
dispersion parameter ~u98b], 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 regio~ the average capture cross sections measured by
Bokhovko et aZ. ~091], Yamamuro et aZ. [Ya83], and Macklin ~a82c] were taken into
consideration. These measurements agree with each other, while earlier dat~ included in
McLane’s compilation ~c88], 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 (r~ ), (Do) and SOare
those which were obtained from the analysis of resolved energy region. The present value of S1
was adopted from a deformed optical model calculation ~u84, Fig. 4]; the value of Sz was
assumed to be the same as that of SO. It is noted that the p- and d-wave strength finctions are
consistent with those derived by Bokhovko et al. ~091] (S1 = 1.3H.4 and SQ= 0.7i0.2). The
average captme 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 (133CS)

Energy (eV) 1and Resonance Spin Neutron Width (meV) Capture Width

(meV)

-41.32 L =0, J=4.O 273.6 123.0

-25.21 1=0. J=3.O 34.1 123.0
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Table 19. Thermal Characteristics (133CS)

Quantity unit

IR I fm I 5.3Ml.5 I

ayo I barn I 29.&l.5 I 30.4

RI-total I barn I I

%w9%-
29.7 29.1 29.0

4.98 3.88 4.29

1.004 1.002 1.002

383 439 396

518 556 508

Present I
5.30 I

29.0
I

4
3.97

1.0029

421
535 I

*Westcott factor for capture cross section<

Table 20. Average Resonance Parameters for Unresolved Resonance Region (133Cs)

Quantity unit
ENDF/

;%1] B-VI

R I fm I 5.3M).5 I

(DO) ev
so Xlo+

(ryo) meV

@1) ev
S1 X104

(ry,) meV

@2) ev
S2 X104

{rv21 meV

20.65fl.3
0.7M.07

120

5.50 I 5.84 I I 5.30

21.8 16.53 19.8i0.9 19.8**
0.8 0.70 0.73MI.09 0.73

125.3 120.0 123.0

11.25 8.27 14.0++.5 10.6””
4.0 1.40 1.25t0.37 1.40m

* Average parameters at the low energy of the unresolved resonance region (5.98 kev’).

** Value at the neutron separation energy of 134CS.
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IILL 141Pr

I. Thermal Region

Positive-energy resolved resonance parameters and an effective scattering radius R of
4.93 fin were adopted basically from Mughabghab’s BNL compilation ~u8 1]. However, two
new bound levels were invoked to reproduce a thermal capture cross section of 11.5 b ~u8 1], a
bound coherent scattering length of 4.58H.05 fm ~091], and an incoherent scattering length
(b+-b.) of -7.2H.07 fin [Ak76, K091]. 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 fro), which is at variance with a value of 4.!MO.5fm ~u81 ]. 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-Vl 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 ~u81 ]. In addition to these dat~ new measurements were taken into consideration.
These are the capture and scattering widths of Taylor et al. [Ta79], the spin determinations of
AMmenkov et al. [A182a], and the 1 assignments of Morgenstem et al. ~069]. 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 resomnce
at 3395 eV with #~ =80 meV was determined by Bayesian analysis as s-wave with a probability
of 0.98. Spins of resonances with undetermined values were assigned random] y 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 ~&nO value. The fit resulted in
@o) = 118.ti7.2 ev and ~~”) = 20.!%J.4 meV. These values yield s-wave strength finction of
SO= 1.77M.3. The present (Do) is consistent with values reported by Taylor et al. ~a79],
116*1O eV, and RIPL ~e98], 1lHQO, but is larger than that in the BNL compilatio~ 88H eV
~u81]. The SOvalue is consistent with those reported in [Ta79], 1.8, RIPL, 1.7t0.3, and the
BNL compilation ~u8 1], 1.5i-O.2. As shown in Fig. 30, the p-wave Porter-Thomas distribution
without excluding weak resonances resulted in (Dl) = 101.6+10.9 eV and S1= 0.65N. 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 wvenLlp-wave rewnances were notdaeaed experimentally. On the other
hand, the p-wave strength fknction is consistent with the systematic study of p-wave strength
fimctions in this mass region ~u8 1],

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
141Prat 145.44 keV.

The capture cross section measurements of Taylor et al. ~a79], subsequently corrected
by Allen et aZ. [A182b],Zaiin et al. [Za71], Konks et al. ~064], and G:bbons et al [Gi61] were
taken into consideration in this evaluation. Other measurements in the EXFOR database @3XJ,
which deviated considerably from these measurements, were not considered.

In this energy regio~ 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 formul~ with parameters adopted from Mughabghab and Dunford ~u98a], was
adopted. From the (2J+I ) 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
farst attempt, the following average parameters were implemented in the computation of the
capture cross section: 1) the average resonance parameters, (DO),So and S1, derived from the
resolved resonance region; 2) S2 = 3.0, obtained from a spherical optical model calculation
~u84]; and 3) (1’7)= 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 regio~ there is a discrepancy of up to 30%. To achieve an improved fit in the high-
energy regio~ Sz was decreased to 0.6 and S1was slightly increased to 0.75. This small d-wave
strength fimction is in reasonable agreement with measured strength fimction data in this mass
region ~u84]. 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, Za71,
K064, 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 @3e92]and 111*15 mb in the BNL compilation ~u8 1].

Table 21. Bound Level Resonance Parameters (141Pr)

Energy (eV) I1and Resonance Spin I Scattering Width I Capture Width

L
(meV) (meV)

-48.12 /=0, J=3.O 411.2 86.0

–17.81 1=0. J=2.O 47.6 87.3
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Table 22. Thermal Characteristics (141Pr)

Quantity unit
98CRC ENDF/
~098] B-VI JEF-2.2 y- Present

R fm 4.9+0.5 6.278 4.40 4.90 4.93

B fm 4.45+0.05 4.58MI.05 4.58

c5To barn 11.5M.3 11.5 11.5 11.5 11.5 11.5

OsO barn 2.54+0.06 2.18 2.59 2.54 2.71

gw ● 1.002 0.9997 0.9990 0.9995

RI- bm
17.4&.o 14H 19.0 17.9 18.4 17.6

Capt.””
RI-total”” barn 303 234 239 237

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

Table 23. Average Resonance Parameters for Unresolved Resonance Region (141Pr)

Quantity

R

Do)

so

T,o)

@1)

S1

r, 1)

@2)

S2

T,2)

unit

fm

eV

X104

meV

eV

Xlo+

meV

eV

X104

meV

BNL ENDF/
JEF-2

compilation B-VI

4.9*.5 I ] 4.40

88s 120.0

1.5ti.2 1.00

85

62.2

1.00

85

44.1

3.574

85

1.50 1.77MI.30 1.77

86 I I 86

101.6t10.
67.1 59.0””

9

1.20 0.65M.14 0.75

86 86

44.7 39.3**

1.50 0.60

86 86

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

** Value at the neutron separation energy of 142Pr.
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111.J. laNd

1. Thermal Region

Since the contributions of positive energy resonances to the thermal capture cross section
of 14~d is only 2.7 barns, a bound level is invoked to explain its thermal capture cross sectio~
325 i 10 b ~u8 1]. 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 fmor 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 ~u81] are mainly based on the data
ofTellieratSaclay[Te71] and Musgrove et al. at ORNL @Iu77]. However, Allen et al. [A182a]
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 ~u77] and re-
computing ry with the known g.r~ values. The spin assignments by Cauvin et al [Ca71a] and
Rohr et aZ. ~071] 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. ~u77] covered the energy region from 3 keV to 100 keV. More recent measurement by
Wisshak et al. ~i98] covered the energy region from 3 to 225 keV. Other measurements, made
by Yamamuro et al. at JAERI [Ya79] and Bokhovko et aZ. at Obninsk ~085], are significantly
high at a few keV when compared with the data of Musgrove et al ~u77] and Wisshak et al.
~i98].

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 ~u98a]
and a spin dispersion parameter of 3.5 ~u98b]. In additio~ p-wave strength fimction of 0.8
~u81] was assumed. P-wave average radiative width of 40 meV and d-wave strength finction
of 1.5 were adopted from the systematic ~u81 ]. These parameters resulted in a calculated
capture cross section smaller than that of Wisshak et al ~i98] in the energy region up to
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several keV. To achieve agreement with the data ~i98], 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 sectio~ constructed from the average parameters that are listed in the last column
of Table 25.

In addition to the (La) reactio~ 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
244.6~. 1 mb of Wisshak et al. ~198] and 242A1Omb reported in Beer’s compilation ~e92].

Table 24. Thermal Parameters (143Nd)

Quantity Unit ~’,:~tion ;8C E~wF~- JENDL-
JEF-2.2 32 Present

R fm 5.54 5.60 5.60 5.60

b’ fm 16.7 17.3 16.7

07 barns 325 ~ 10 330+ 10 325 323 330 325

0. barns 80*2 80.6 80.8 80.3 80.4

R1-capt. barns lL28t30 128+30 130 130 130 130
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Table 25. Average Resonance Parameters in the Unresolved Resonance Region (14~d)

Present
Quantity unit ~?~ JEF-2.2 y?-- ‘F.

Compdatlon ~ysis Adopted

R’(uRR) fm 5.54 7.34 4.14 5.60

<DO> eV 32.5 36.0 36.4 45*4 38.0+ 2.0 36.0b

so X104 35 3.4 2.62 3.2* 0.3
3.62A 0.5

1
3.62

< rrO > meV 80 76-68 79.1 80+9 79.9

<Dl> eV 18.4 18.0 18.2 19.3b

s, X104 08 0.6 1.04 0.8~0.3 0.8

< rrl > meV 80 74-65 79.1 40.0

<D2> eV 12.3 12.0 12.1 14.5b

S2 Xlo-’ lo 3.0 1.78 1.50

c ryz > 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 ‘~d.
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IILK.

1.

‘-d

Thermal Characteristics

The thermal scattering and capture cross sections are evaluated by taking a weighted
average of the results of Pattenden et al. ~a58], Tattersall et al. [Ta60], Lucas e~ al. ~u77],
Vertebnyi et al. [Ve74], a,nd Anufiiev et 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:

&l= –25.334 eV, J=3, r.= 976.7 meV for an assumed 17Y= 76.5 meV. The bound coherent
scattering amplitude is colmputed as 8.73 fm for an assumed potential scattering radius of 6.00
f~ adopted from a deformed optical model calculation ~u8 1]. The calculated Westcott factor
for capture is 1.0000.

2. Resolved Resonance Parameters

The evaluated resonance parameters ~u81] are mainly based on the transmission data of
Tellier at Saclay [Te71], the capture data of Rohr et al. at Geel ~071 ], and Musgrove et al. at
ORNL ~u77]. In evaluating the resonance parameters, the ORNL capture areas ~u77] were
decreased by a factor of 0.9507 as reported by Allen el al. [A182]. A comparison of the
scattering widths of the weak resonances of Rohr et al ~071 ] with those of Tellier et al. [Te71],
Karzhavina et al ~a69], and Anutilev et al. [An79] indicated that the capture areas of Rohr et
al are low by about 20°/0. 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 ~u77]. On this
basis, the capture areas [R071] were increased by 20Y0. The capture widths of the strong
resonances were then recalculated with the aid of the known scattering widths [Te71 ]. For weak
resonances, an average ry = 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 [Ca71a] and Stolovy et al. [St72], were
considered. In additio~ 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–+ and
those with a low value as J=3. The scattering widths of weak resonances were calculated from
the renormalized capture areas of Musgrove et al ~u77] 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’~)”2 s 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 14~d.

The capture data by Nakajima et aZ. at JAERI ~a78], Bokovko et al. at Obninsk ~085],
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 additio~ the p-wave average radiative width and the d-wave
strength fhnction were obtained from the systematic ~u84]. The average parameters are
summarized in Table 27. The energy-dependent level spacing of Gilbert-Cameron with the
parameters of ~u98a] and a spin dispersion parameter of 3.5 ~u98b] was adopted. Our
calculated capture cross section in the unresolved energy region is shown in F]g. 37 and is
compared with the ENDF/B-VI evaluation and measured data. The present calculations strongly
support Wisshak et al.’s measurement ~i98]. Note that the JENDL-3.2 evaluation adopted
Nakajima et al.’s measurement ~a78], which is high when compared with other measurements
~i98, B085]. In additio~ 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 ener~
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 ENDFIB-VI from 67.69 keV to 1 MeV.
An excellent agreement was obtained with a value of 424.8 t 4.5 mb [Wi98]; the reported value
in the Beer’s compilation is 485* 100 mb ~e92].

Table 26. Thermal Characteristics (14?Nd)

Quantity unit ~o:ytion ENDF/B-VI JEF-2.2 JENDL-3 .2 Present

R’ fm 6.8 6.0 6.0 6.0

b’ fm 9.9 8.73

Crr barns 42*2 47*6 42.1 41.9 43.8 49.8

CT. ] barns I I I 17.4 I 18.3 I 20.3 I 18.7

RI-cant. I barns I 240 t 35 I 260+40 I 231 I 231 I 204 I 245
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Table 27. Average Resonance Parameters in the Umesolved Resonance Region (14%Jd)

so X104
4.’00

s, X104
O.:BO

<D2> eV 5.’78

s, Xlo+
1.00

JENDL- BNL
JEF-2.2 32. Present

Compilation P-T I Present
5.00 7.683 6.00

18.2 17.2 zzkz 18.0* 0.8 18.0b

5.20 2.93 4.4+ 0.4 4.75 f 0.52 4.75

89.1 97.5 75”*9 76.5

9.40 8.61 9.64b

0.98 0.69 0.8 ~ o.4 - 1.20

88.1 97.5 40.0

6.60 5.74 7.25 b

3.90 3.51 0.80

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 l~d.
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1470-..
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1. Thermal Region

Since the contribution of positive energy resonances to the thermal capture cross section
is 21.4 h a hmmd level was invoked to reproduce a therms! canture crnss section of c~o= 50.0 h.. -7 —-- —.-—----- =.—-------
The latter value was obtained by re-normalizing the measurement of Fenner and Large ~e67]

O—C1L9LT = zAru~nn L1 A . ..-6 .. . . . . . . . ..- :-+.—..1 ..c T = ~nn L
(G7

1-1. - L.... -A --L-.-...4—Jl&2u>q Wwuuu u) Lu a uaptul G 1csullalw?~ IuLG& aI Ui Iy Ivv u. 1 Ilc Uuullu W1lG1 G1iL

scattering length bwh‘14t3 f~ recommended in the BNL compilatio~ was not considered in
the determination of the bound level parameters for two reasons: a) a vaiue of 14 fm was
previously deduced from the transmission measurement of Eiland et aL @74] which suffered
from a large uncertainty due to neutron absorption in the moisture and b) this large value of bwh
resulted in unrealistic resonance parameters for the bound level. On the other hand, an effective
scattering radius R= 8.3 f- adopted from the BNL compilation ~u84], resulted in the
following parameters for the bound level: 1%= –2.50 eV, J = 4, rn = 1.67 meV, r~= 73.8 meV.
A comparison of the thermal cross sections and resonance integrals of the present evaluation
with those of ENDF/13-VI, JEF-2.2, JENDL-3 .2, and LIPAR-5 [Ab97] evaluations is presented
in Table 28. With the exception of the capture cross sectio~ 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
compilation ~u84]. 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
widths. This average value is consistent with 6%4 meV recommended in the BNL compilation
~u84] and RIPL ~e98].

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
~~) = 2.94t0.29 meV and (DO) = 6.05M.23 eV. These values yield an s-wave strength
fdn~wicp+& = ~ ~A~ <n The nr-c-.+ M.) i. nfin.;ct~mt xl,ith a w.h ~a rnenmmsnAd in the RNT7.””-”.<”. ~- ‘*wna&\“U/ a- vw..~.m.w... ., . ..s W . W.-- . VWV..U..WWWWWW . . . . ..v ----

compilation ~u84], (5.7N.5 ev), but is slightly higher than that recommended in the RIPL
~e98], (5. lM1.5 eV-). In additioK the present So is consistent with a 4.8t0.5 reported in the
BNL compilation and RIPL.



3. Unresolved Resonamce 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 147Smat 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 ~u98a] (neutron separation energy= 8.14 MeV, pairing energy = 2.14 MeV, and
level density parameter = “17.5MeTl). The dependence of level spacing on exp{-(J+l/2)2/2&},
as well as (2J+1), was taken into account for this nucleus. Whh a value of G = 3.4 for the spin
dispersion parameter ~u98b], 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 regio~ the average cross sections measured by Wisshak et
al. ~i93], Macklin ~a86], and Bokhovko et al. ~085] were taken into consideration. These
measurements agree with each other, while the data sets of Kononov et al ~077] and Mizumoto
et al. @f,i81] deviate flom the above measurements. As shown in Fig. 39, the present unresolved
resonance parameters resullted in a good fit to the experimental data. The present parameters are
listed in the last column of Table 29. The values of (ry ), (DO)and SOare those which resulted
from the analysis in the resolved resonance region. The value of S1 was adopted from a
deformed optical model calculation ~u84, Fig. 4], while S2 was adjusted to 2.50 to reproduce
the measured capture cross, sections at the high energy limit. We note that S1 is consistent with a
value derived by Bokhovko et al. ~091 ] (Sl = 0.8M.2), while S2 deviates tlom those reported
by Bokhovko et al. (4.8*1.0), and Kononov et al [K081] (1.29+0.28).

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 et al. ~193] and
1005*1OOmb presented in Beer’s compilation ~e92].
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Table 28. Thermal Characteristics (147Sm)

Quantity unit ~omB?&ion ;8C EB~wF’ y2- JE~- L:& Present

R fm 8.3M.2 8.30 8.30 8.30 8.30

070 barn 57B 56&4 57.5 57.2 58.0 56.7 50.0
OsO barn 39.1 39.9 1.06 3.8 1.06

gw ● 0.9990 1.001 0.9946 0.9942 0.9965

RI-capt. barn 71O+5O 789 793 779 721 777
RI-total barn 1660 1639 1524 1505

*WestcOtt ftior for capture cross section.

Table 29. Average Resonance Parameters for the Unresolved Resonance Region (147Sm)

BNL ENDFI JENDL-
Present

Quantity unit JEF-2.2
compilation B-VI 3.2 PT

Analysis
Adopted

R’ fm 8.3S.2 8.30 6.37 6.64 8.30

Q o) ev 5.7fl.5 5.70 6.32 5.70 6.05M.23 6.05”
so XlO-” 4.8+0.5 4.80 4.26 4.80 4.86+0.50 4.86

T,o) meV 69fl 69.0 87.6 69.0 73.8

@1) ev 2.85 3.25 2.85 3.25*
S1 X104 0.65 1.75 1.00 0.80

r, 1) meV 69.0 87.6 69.0 40.0

@2) ev 2.28 1.90 2.45*
S2 Xlo+ 6.50 4.70 2.50

C,2) meV 87.6 69.0 73.8

*Value at the neutron separation energy of 148Sm.
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IILM. 149Sm

1. Thermal Cross Sections

The thermal capture cross section is adopted from the Mughabghab’s BNL compilation
~u84]. The spin of the bound level is assigned as 3 according to the (~ CZ)measurements of
Dakowski ~a67]. 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 (b’) varies strongly with energy. Word and
Werner ~082] measured the energy dependence of the bound coherent scattering length in the
energy range from 0.02945 to 0.09274 eV. Subsequently, Lym and Seeger ~y90] 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 ~y90], represented by a dashed line in Fig. 40, is
compared with measurem~ent ~082]. By applying multi-level Breit-Wigner formalism ~u81,
Eq.3], we have also carried out computations of the energy-dependence of the Re(b’) 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 :Ievel.

Our results, listed in Table 30, are in very good agreement with the reference values,
reported in the BNL compilation ~u84], 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
~u84], were incorporated into a new evaluation of the resolved resonance parameters.

The weighted-average capture width of61 resonances is determined as 56.7+8.9 meV.
Tlis 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 (gr~ )’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 @e98]: <Do> =2. 10H.3O eV, So= 6.30+1.20, and <r~=62f 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 regioq
were applied without adjustments in the unresolved energy region. The p- and d-wave strength
finctions, as well as the p-wave average radiative width were adopted from the systematic
~u84]. The average parameters, implemented in the umesolved energy regio~ are summarized
in Table 31 and are mmpared with other evaluations. The level spacing was assumed to vary
with energy according to Gilbert-Cameron level density relation ~u98a].

Neutron inelastic scattering to the fust excited level of 149Smis 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 sectio~ constructed from
the present parameters, is compared in Fig. 42 with measurements of Wisshak et al. ~193],
Macldin ~a86], Kononov et al. ~077] and Hockenberxy et 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 ~i93] and 1409M5 mb ~e92]. 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 (149Sm)

Quantity unit ~o:ytion
98CRC ENDFI JENDL-

JEF-2.2 32 Present
~098] B-VI

R fm 8.3 ~ 0.2 5.093 8.30 7.52 8.30

Re(b’) fm -24 -19.08* -24.2 -24.1 -19.08

07 barns 40140 + 600 40100+ 600 39730 40480 40150 40530

Cr= barns 197 139 176 173 194

RI-capt. barns 3390 331O*5OO 3258 3484 3490 3482

* Value of Lynn ~y90].
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Table 31. Average Resonance Parameters in the Unresolved Resonance Region (149Sm)

Quantity unit

R’(URR) I fm

<Do> eV

-1
X104

so

<rO> meV

<Dl>
I

eV

J-
X104

s,

<r, > meV

<Dz>
I

eV

X104
s,

&

ENDF/B-
‘VI

JEF-2.2

5.093 I 5.09

3.42 1.97

3.20 4.13

‘Y
6:2.0 75.1

1.71 1.01

0.50 2.32

6:2.0 I 75.1

0.707

6.50

I 75.1

JENDL- BNL
3.2 a Compilation

4.60 4.6*o.(j

0.30 ().3 * 0.1

62.0 I

0.514+

4.90

62.0 I

Present I
PT

Analysis

2.45 *O. 11

4.53 + 0.54

Adopted

8.30

2.45 b

4.53

78.5

1.31b

1.00

40.0

0.987b

4.00

78.5

a: At the low energy of the unresolved resonance regioq 0.52 keV.
b: At the neutron separation energy of 150Sm.
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To reproduce a thlermal capture cross section of 100 b, as well as a thermal elastic

IILN.

1.

lSSm

Thermal Region

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*1 Ob of Halperin et al.
~a62] and 101H b of Aitken and Cornish [Ai61]. The latter value is adjusted from the original
value of 102+5 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
sectio~ 127.5 b @Zi74],in which a paramagnetic scattering cross section of 7.5 b ~174] was
excluded. The bound resonance parameters are; & = -11.72 eV, r. = 176.6 meV, ry = 60.2
meV. In these calculations, an effective scattering radius (R’) of 8.0 fm was adopted from a
deformed optical model calculation ~u81, 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 14N fm in the BNL compilation ~u84].

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 compilatio~ the
resolved resonance parameters of the present evaluation were based on ~u84].

On the basis of Bayesian analysis, the reported 22 resonances ~u84] were assigned ass-
wave. An average radiative width of 6ti5 meV, based on ~u84], was assumed for all
resonances except for the first two positive-energy resonances for which radiative widths were
determined experimentally ~u84]. It is noted that this average value is much smaller than
87+16 meV reported in RIPL ~e98].

The distributions ofreduced 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 %2value. Figure 43 shows the fit to the dat~ which resulted in

@nO) = 20. lfi.6 mev WNi(Do) = 46.5*8.6 eV. These values yield s-wave strength fimction of
S() = 4.31*1.42. The present (DO) is consistent with values recommended in the BNL
compilation ~u84] (55+9 ev) and RIPL ~e98] (46+8 ev) within the associated uncertainties.
The present Sovalue is larger than those in the BNL compilation (3.6*1.1) and R.TPL(3.4N.6),
but consistent with them within the uncertainties. Because of the limited number of resonances,
the uncertainties of the denived average quantities are rather large.
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3. Unresolved 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 150Smat 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
forrnul~ in which the associated constants were adopted from Mughabghab and Dutiord
~u98~ Mu98b] (neutron separation energy = 5.596 MeV, pairing energy = 1.22 MeV, and
level density parameter = 21.76 Me@). The dependence of level spacing on
exp {-(J+ l/2)2/2&}, as well as (2J+1), was taken into account for this nucleus. With a value of
~ = 3.7 for the spin dispersion parameter ~u98b], 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 born 1/3 and 1/5, obtained by assuming only a (2J+1) dependence of the level spacing.

In the unresolved resonance regioz cross sections measurements carried out by Wkshak
et al ~i93], Winters et al ~i86], and Macklin et al. ~a63] were taken into consideration.
The data of Kononov et al. ~078] deviate significantly from the others. As shown in Fig. 44,
our computed capture cross section is in very good agreement with the experimental data ~i93,
Wi78]. The present average resonance parameters are listed in the last column of Table 33.
Values of (Do) and SOare those which were derived from the analysis of the resolved region.
The present value of S1 was adopted horn a deformed optical model calculation ~u84, Fig. 4],
while that of Sz was adiusted to reproduce the capture cross section measured by Wisshak et al.a----
~i93] above 50 keV. An average radiative width of 60 meV was assumed for s- and d-wave
.aen- .“ *-. A -–vx,-*,-=mA:cJ+:va,,,:A+L,4’ An wInV xxxie zla+m.rn:mcd ;m +hn m-acxam+ .mmlwa;a tn1WWIUU8W-D. - p-w-~~ ~aunubavk Wlu&,, “L 7“ ,*,W . w CK3 Uvbwl Ilulsbfbs 111 LIiw p Qmwllb CLmaly S1O Lv

reproduce the capture cross section in the low energy region. This value is consistent with the
systematic of p-wave radiative widths around mass number of i 50 ~M”u84,Fig. 7j.

Table 32. Thermal Characteristics (150Sm)

ENDF/
Quantity Unit .nm::+inn :::R: ~-m JEF-2.2

JENDL-
~.~ Present

“W...v.. -.. v.. ~...,. . . .-

R fm 6.41 6.40 8.08 8.00

Gyo barn 104+4 102+5 104 103 109 100

Us” l_——Darn Inn
lY. V

** *
L1.L

O-A
0.3+

m- -
L1.1

gw ● 1.000 0.9979 0.9938 0.9985

RI-
barn 358*5O 29(HO 338 339 325 334

Capt.””
RI-total””

barn 830 840 799 890

* Westmtt factor for capture cross section.
**T.unegrated from 0.5 e“v’to 100 keV with UE spectrum.
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Table 33. Average Resonance Parameters for the Unresolved Resonance Region (150Sm)

Quantity unit ~l:p~tion EBywF’
JENDL- PT ‘resent

JEF-2.2 s 2*
Analysis

Adopted

R fm 6.41 5.92 8.00

(Do) eV 55B 48.0 59.8 46.5k8.6 46.5**
so Xlo+ 3.6~1.l 3.60 3.60 4.31*1.42 4.31

(rTo) meV 60ifi 60.0 60.0 60.0

(D 1) ev 15.0 20.0 16.7**
S1 X104 0.08M.02 0.60 1.40 1.00

(ry J meV 60.0 60.0 40.0

(D2) ev 6.00 12.0 11.5**
S2 Xlo+ 2.90 2.30 3.50

(ry2) 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 151Sm.

Maxwellian avera~gecapture cross section for a temperature of 30 keV, computed as 409
mb, is to be compared with 421.9++.8 mb ~i93] and 434f16 mb ~e92].
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IILo.%rn

1. Thermal Characteristics

Since the contribution of positive energy resonances ~u84] to the thermal capture cross
section is 235 b, a bound level was stipulated to reproduce a thermal capture cross section (oYo)
of 1520&t300 b ~u84]. The resonance parameters of the bound level were determined as:

& =–0. 12 ev, J =2(1=0), rn = 0.752 mev, and r~ = 92.9 mev. The effective -ttering ~dius
of 8.3 fin was adopted from a deformed optical model calculation ~u84]. A comparison of the
thermal cross sections and resonance integrals of the present evaluation with those of ENDFIB-
~ 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 sectio~ scattering measurements in
the thermal region are not available. The calculated Westcott factor, 0.9274, shows that this
nuclide is a non- l/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 ~u84]. The resolved ener~ region
extends to 296 eV. 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 92.9fl.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
(92*7 mev) ~u84] and (95+4 mev) ~e98].

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 (grn”) = 0.60@ .08 meV and (Do)= 1.48H.09

eV. These values yield s-wave strength finction of SO = 4.06Ml.56. The present (Do) is
consistent, within the associated uncertainty, with (1.2M.2 ev) ~u84]. However, it deviates
from a recommended value of 1.04M. 15 eV ~e98]. The present So is consistent with values in
the BNL compilation (4.2M.4) ~u84] and IUPL (3.4M.5) ~e98] 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 *51Sm
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 mmpetition 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.

Forthisnuclide, 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 adc~pted from Mughabghab and Dunford ~u98] (neutron separation
energy = 8.258 MeV, pairing energy = 2.32 MeV, and level density parameter= 21.43 MeTl).
The dependence of the level spacing on spin by the relation (2J+1) exp{-(J+l/2)2/2&} was
taken into account in this evaluation. With a value of G = 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 respective y.

In the unresolved resonance regio~ 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 doles not include unresolved resonance parameter file. The values of
(ryo ), (Do) and SOare those which resulted from the analysis of the resolved energy region. The
present values of S1 and Sz were adopted from the systematic of strength fimctions near this
mass region ~u84, Figs. 4 and 5], while the value of (r~ 1) was assumed from systematic of p-
wave radiative widths ~u84, 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 et al [T095], represented by
diamonds. Our results are in reasonable agreement with those of the ENDF/B-VI evaluatio~ but
not with the JEF-2 evaluat io~ and are larger than those of Toukan [T095]. 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. ~i93] for the four Sm isotopes, 147-150Sm.

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
recmnstmcted from the present resonance parameters up to 66.2 keV and from the ENDF/E3-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 1932&206 mb @3e92] and 1825+450 mb
[T095].
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Table 34. Thermal Characteristics (151Sm)

Quantity unit ~mB:tion
98CRC ENDF/

JEF-2 JENDL-3 Lfb&5 Present
@098] B-VI

R fm 8.30 7.20 7.95 8.30

ayo barn 1520H300 1520&k300 15250 15190 15160 15160 15170

as” barn 43.5 39.3 50.4 34.4 62.0

gw * 0.9308 0.9271 0.9278 0.9256 0.9274

RI-
barn 3520t160 352M60 3449 3465 3410 3397+ 3430

Capt.””

RI-total””
barn 3726 3765 3752 3765

* Westc@t factor for capture cross section.
** Integrated from 0.5 eV to 100 keV with l/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 151Sm

ENDF/B-VI 3EF-2.2 JENDL-3 .2

Capture CS (barn) 5.28 6.40 3.80

Inel. Scatt. CS (barn) 4.96 1.53 0.56 “

Table 36. Average Resonance Parameters for the Unresolved Resonance Region (151Sm)

Quantity unit ‘?.
ENDF/

JEF-2.2
compilation B-VI

Rlfml I I 7.46

eV 1.2s.2 1.20
X104 4.2M.4 4.5
meV 92*7 96.0

eV 0.60

X104 1.0m
5.72 I I 8.3

4.85 1.48MI,09 1.48””

4.20 4.06M.56 4.06

92.0 92.9

2.43 14.OH.5 0.80’”

1.40 1.25+0.37 0.80

92.0 40.0

1.62 0.62””

2.30 2.5

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 152Sm.

100



0

u~

%
..K.C2. .. .. ............... ......... ..... .. .......

/

.... ....

E
Cn

z
.... ...................... ......... . ....... ......

i
(n

.. ....

. ... .

. . . .

w................ . . ... ......

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

%

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

..... ............... ...... ........ . ., ..................

........ ...;. ... ..



80.

50.

10.

5.0
b-
0
N

1.0

0.8
0.3 0.5 1:0 5,0 10. 50. ‘ ‘ ‘ ‘loo.

En (keV)

Fig. 46. Capture Cross Section in the Unresolved Resonance Region ( ‘5’Sm)



IILP.

1.

lsSm

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 ~u84]. 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 ~u84] 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
~u84] and are in goodl 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 m~easurements in the resolved energy region were not carried out since
1984, the resonance parameters reported in the BNL compilation ~u84] were adopted without
modification.

All 91 reported resonances ]~u84] were assigned as s-wave on the basis of the Bayesian
analysis. The weighted-average value of nine determined radiative widths resulted in a

Tyo) = 60.Wfi.4 meV. This value is in very good agreement with that presented in the BNL
compilatio~ 61*7 meV ~u84]. 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&.7 eV and (#’.”) = 10.6 *1.6 meV.
These values yield a strength finction for s-wave resonances of (2.23+0.35), which is in very
good agreement with (2.2+0.3) reported in the BNL compilation [Mu84]. The present (DO)is
also consistent, within the associated uncertainty, with 51.8fi.3 eV ~u84]. The resolved
energy region consists c~f92 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
152Sm.

In the energy range 5 to 200 keV, the capture cross sections of Luo et al. ~u94],
Wisshak et al. ~i93] and Bohkovko et al. ~085] were taken into account. The measurement
of Kononov et al. ~078] 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 ~c88], were not taken into accounf largely because of their inconsistencies with recent
measurements. As depicted in Fig. 48, ENDF/13-VI,JEF-2 and JENDL-3 evaluations, are larger
than recent data ~u94, Wi93, B085] 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), SOandryo), derived
horn the resolved energy regio~ as well as S1 = 0.55 and S2 =2.2 ~u84], were adopted in this
energy region. These parameters resulted in a calculated capture cross sectio~ which is low by
-3o% and -10% at about energies of 5 keV and 120 keV respectively, when compared with
measurement ~193]. To achieve agreement with the measurements ~u94, Wi93, B085], (DO)
was set to 34.6 eV and T7 O)was increased from 61 eV to 72.7 eV to satisfi s-wave gamma
strength finction of 0.0021 ~09 1]. In additio~ (TTz) 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 evaluatio~ 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 Dun.iiord
~u98z 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 .2A4.4 mb ~i93], 401+24 mb ~e92], and 445t25 mb ~09 1].

Table 37. Thermal Characteristics (152Sm)

Quantity Unit ‘m
98CRC ENDF/ ~F22 JENDL- IJPAR-5 present

Comp. ~098] B-VI -.
3.2 [Ab97]

R’ Fm 8.3S.2 8.3 8.3 8.2 8.3

Cyo barn 206S 206~15 207 206 206 201.5 206

OsO barn 3.MO.2 3.12 2.93 0.95 7.49 3.11

gw ● 1.004 1.003 1.003 1.0032 1.0035

RI-
barn 2970AIO0 3000HO0 2981 2977 2770 2958+ 2976Capt.””

RI-total”” barn 9055 9048 8740 9045

* Westcott factor for capture cross section.
** Integrated from 0.5 eV to 100 keV with l/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 (ls2Sm)

W*
I WO) ev I 28.00 I 52.52

I so I X104
I

:2.50 I 2.30

M--HH-+*
I SI I X104 I ().(tj()I 1.60

S2 ‘ Xlo+ :3.00 6.80

(r,2) meV 61.0 71.82

7.556
I

8.3S,2
I I

8.3

33.46 51.8M.3 47.5ti.7 34.6

2.20 2.2ti.3 2.23+0.35 2.23

61.0 61*7 72.7

11.15 11.5

0.55 0.55H.08 0.60

61.0 61.0

6.69 6.91

2.30

61.0 I
1.50

34.0

* Average parameters at the low energy (5.029 keV) of the unresolved region.
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IILQ.

1.

lSEU

Thermal Characteristics

The resolved rescmance parameters, including those of a bound level, and the effective
scattering radius R (8.2 fin) were adopted horn Mughabghab’s BNL compilation ~u84]. 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
~u84], as well as JENDL-3.2 evaluation. The present resonance integrals are significantly
lower than those in the EINIIF/B-VI.5 and JEF-2.21 evaluations.

2. Resolved Resonance Parameters

The resonance parameters up to an energy of 97.8 eV were adopted from the BNL
compilation ~u84].

On the basis of Bi~yesian analysis, all of the 71 resonances are assigned as s-wave. Note
that the s-wave strength. fhnction shows a peak while the p-wave strength fimction 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 TYO)=
93fl meV, which was assumed for the remaining resonances.

The distribution of reduced neutron widths was analyzed by fitting to the Porter-Thomas
distribution. Three resonimces for which ~no 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 ~~no. The fit resulted in (DO)= 1.14H.08
eV and (#no) = 0.27k0.05 meV. These numbers yield s-wave strength finction of
So= 2.37+0.43. The present (DO)and So are consistent, within the uncertainty ranges, with those
reported in the BNL compilation ~u84] ((DO)= 1.3MI.2 eV and So= 2.5+0.2) and RIPL ~e98]
((Do) =1. lW.2 eV and SO= 2.2i0.3).

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 1S31EUat 83.37 keV. In the unresolved regio~ the average resonance
parameters for s-, p- ancl 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 forrnul~ neutron separation energy, pairing
energy and level density, are found in Mughabghab and Dunford ~u98a Mu98b]. From the .

1 BothENDF/B-VIandJEF-2 containthesameresonance&@whichhadbeenimportedt%omENDF/B-V.However,since
theyhavedibent backgroundcrosssectionsinFile3, theresulting thermalcrosssectionsaredifferentfromeachother.
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1/2 and 1/3 of the s-wave spacing, respectively.

Capture cross sections measured by Xia et al. [Xi94], Yu et aZ. ~u93], Macklin and
Young ~a87], and Bokhovko et al ~085], as well as earlier measurements were taken into
account. The cross sections of Mizumoto et al. [M79], Kononov et al. ~0771 and Hockenbury
et al. ~075] are consistently higher than recent measurements in the energy range of 5-100
bn~r ~a t,al,,-a nf m.] C. mid /T .\ riorhnrtd fi-nm tha r~cnlvd rocnnanrec ~nrl nf C. mid C- nfmu T . a IAw vWSwusw. \-lJ/, Uu -1- \. ~u/, -U-w-ww .=WA.. .Asw. w-. w-- . w-.. -.----, ---- -. WI w.- WA --

the BNL compilation ~u84] resulted in a calculated capture cross sectioq which is in good
-———-—.-—. —.:.L AL.J._..- :—AL-i -n I.-x? ----- l-... 1---- L.-.
it~fiX311~IlL WIUL UK. LLdLd lLI UK l-JU KC V 1iUl&S, UUL lU W Uy -~ s% iii-oiifid 8G kev. %ib~tieiiil~,

the S1 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 iisted 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 pefiormed up to an energy of only 83.9 keV; this upper energy
-Ittfi= rnei~-=CI,1+ ;n an arrnr nf =hnilt 190/. lRa071 ~~e nr-c~nt rrncc cartinn ic tn h- tvimnartdWUSUAA LfifiUJ ,WDUSL .A. SbS. W,,”. “. -“”w. .4 -T” ~-”, -,. y. . . . . . . v. vu- WVV..V.. .- .V “v “v...y _ vu

with values of 3. 17N.3 b reported in Beer’s compilation @3e92]and 2.45N.07 b ~091].

Table 39. Thermal Characteristics (15ku)

Quantity Llnjt
BNL 98CRC ENDF/ ~F *2 JENDL- LIPAR-5

Compii.
—- --- —.-
[HoY5] B-vi ‘---

. ----- Present~.~
[AbY”/J

R’ frn 8.2-O.2 8.8 8.8 8.63 8.20

070 barn 3 12+7 3ooflo 313 300 313 312 312
OsO barn 9.7M.7 9.04 6.75 10.3 7.68 9.00

gw” 0.9663 0.9662 0.9662 0.9869 0.9801 0.9871

RI- barn 142O+1OO 1800+400 1499 1448 1410 1305+ 1408
Capt.”” L-— ]@g lLh A

RI-total** ‘m 1’
1~ *znc

1 UUJ
I cnn
1J7W

* Westcott factor for capture cross section.
** Integrated from 0.5 eV to 83 keV with l/E spectrum.

+ Integrated from 0.5 eV to 46.5 eV.



Table 40. Average Resonance Parameters for the Unresolved Resonance Region (153Eu)

BNL ENDF/ JENDL-
Present

Quantity unit
Cornpil. B-VI JEF-2.2 ~ 2* PT

Analysis
Adopted

R fm 8.2a3.2 8.80 8.80 6.421 8.20

@o) ev 1.3fl).2 1.30 1.30 1.661 1.14f0.08 1.14””

so X104 2.5til.2 2.50 2.50 2.79 2.37M.43 2.37

T,o) meV 93*3 95.82 95.82 94.0 93.0

(D 1) ev 0.65 0.65 0.831 0.57””

S1 xlo- 0.3M).I 0.60 0.60 1.497 0.60

r, 1) meV 95.82 95.82 94.0 93.0

@2) ev 0.554 0.38””
S2 X104 5.4* 1.2 3.116 5.40

T,2) meV 94.0 93.0

* Average parameters at the low energy (97.2 ev) of the unresolved region.
** At the neutron separatism energy of 154Eu.
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IILR lsGd

1. Thermal Region

Within the reported uncertainty of the measured capture cross sectio~ a negative energy
resonance is not required to interpret the behavior of the cross section. The calculated thermal
cross sectio~ coherent scattering amplitude, and the capture resonance integral are summarized
in Table 41. In these calculations, a potential scattering radius of 8.0 fiq based on the
systematic ~u84], was assumed. The calculated Westcott factor for capture is 0.8440.

Since the first resonance at 0.0268 eV of 155Gdis 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 k compared with Moeller’s data ~060].

Utilizing R-matrix least-squares fit of the data ~060], Lynn and Seeger ~y90], 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’),
~y90], designated by open diamonds, is shown in Fig. 53. 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
indicat@ a large discrepancy exists between our calculation and that of Lynn and Seeger
~y90]. To understand this disagreement, we carried out several additional calculations. In one
calculatio~ the resonance parameters of the first resonance were changed to those of Lynn and
Seeger ~y90]. 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 accoun~ we obtained the result
represented by a dashed line. The calculations are larger than those of ~y90] throughout the
energy region under consideration. In a third calculatio~ 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 ~y90]. The contributions of the
second and third resonances to the coherent scattering length are calculated as +0.12 fm and
+0.63 fi respectively.

2. Resolved Resonance Parameters

The resonance parameters of the BNL compilation ~u84] were adopted in this
evaluation. In additio~ the resonance spin assignments of Belyaev et al ~e90], 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 gr~ )“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 155Gdis 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 c~fShorin et al. at IPPE [Sh74], Beer and Macklin at ORELA ~e88],
Nakajima et al. at JAERI ~a89], and Wisshak et al. at Karlsruhe [Wi95] were considered. As
shown in Fig. 55, Shorin’s data is higher than the more recent results ~e88, Na89, Wi95].

In the present evaluatio~ 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 Gdbert-Carneron level density formula with
associated parameters of Mughabghab and Dunford ~u98a] and a spin dispersion parameter of
3.5 ~u98b]. Since d-wave contribution is negligible below 60 keV, its effect was not included
in the calculations. The awerage p-wave parameters, c ryl > = 0.050 eV, S1=2.0, were adopted

from the systematic and ctptical model calculations ~u84]. As shown in Fig. 55, the calculated
capture cross sections supports the measurement of Wisshak et al [Wi95] and Beer and Macklin
~e88]. Note that the EIVDF/B-VI evaluation significantly diverges flom 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 lMeV with that of
the ENDF/B-VI evaluation. Our result is to be compared with 2648&0 mb ~i95] and 2721+90
mb ~e92].
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Table 41. Thermal Characteristics (155Gd)

Quantity

R’

Re(b’) ●

IE2L
* at 0.08

unit

fm

fm

barns

barns

barns

barns

v.

BNL
Compilation

13.8

60900t 500

60

38.6

1447* 100

98CRC ENDF/
JEF-2.2 J-E~- Present

~098] B-VI

I 6.70 I 6.70 I 6.70 I 8.0 I
I 12.74 I I 12.74 I 14.02 I

61000~ 1000 61100 I 60790 I 60890 I 60730 I
I 58.9 I 59.0 I 59.0

I
60.7

I
I I I I 38.6 I

I54O*1OO I 1555 I 1543 I 1540 I 1537 I

Table 42. Parameters of the First Resonance and Scattering Lengths (Real Part) of 155Gd

Parameter I Unit I Lynn I Present I
1 I I

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
I

* Potential radius for R-matrix formulation.
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Table 43. Average Resonance P=ameters inthe Umesolvd Resonance Region (l55Gd)

Quantity

F
R’

<DO>

so
<rrO>

<Dl>

s,

t--

<ry, >

<Dz>

l_-S2
<r~z>

a: At the h
b: At then

Utit ENDF/B-
VI

JEF-2.2

fm I 6.70 I 3.59

eV 1.27 2.20

X104 3.08 3.00

meV 112 120

eV 1.27 1.10

X104 0.80 3.70

meV 112 120

eV 0.705

X104 1.0

meV I I 120

west energy (182 eV) of the unre
wtron separation energy of 15sGd

0.857 1.8*0.2 1.45 * 0.09 1.45 b

2.00 2.0* 0.2 2.13*0.35 2.13

110 110+3 114

0.429 0.81 b

1.10 2.00

110 50.0

0.274

2.30

110

lved resonance region.
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IILs.19(XI

1. Thermal Region

The resolved resomnce parameters were adopted from Mughabghab’s compilation
~u84]; an effective scattering radius R’ of 7.8 fm, which was read off from a deformed optical
model calculation @lu84], 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,
which is consistent with the value in the BNL compilation (254.OiO.815 kb). Therefore, a bound
level is not required. The thermal characteristics are summarized in Table 44.

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 lengt~ which is based on the present resonance parameters, and is
compared with the calculations of Lynn and Seeger ~y90].

2. Resolved Resonance Parameters

The resolved resonance parameters were adopted from the BNL compilation ~u84].
Spin assignments made by Belyaev et al. ~e90] 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
resonances. The average radiative width is consistent with those reported in the BNL
compilation (97+8 mev) ~u84], and determined by Nakajima et al. ~a89], 115f18 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 dat~ which resulted in (Do)= 4.48i0.33 eV, @l_’no)= 1.OIM. 19 meV, and s-wave strength
fimction of SO= 2.25 N.44. The present (Do) is consistent with reported values, (4.HO.4)
~u84] and (4.$HO.5) ~e98], within the associated uncertainty. The So value is consistent with
those quoted in the BNL compilation (1.94X1.2),RIPL (2.2M.4), and Nakajima et al. ~a89]
(2.23 f0.57).

3. Unresolved Resonance Parameters

The present unresolved region covers the energy range horn 306.6 eV to 54.88 keV. The
latter energy corres ends to the threshold energy for inelastic neutron scattering to the first
excited level of ,s?Gd at 54.53 keV. For this isotope, 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 ener~ according to Gdbert-Cameron level density
formula with associated parameters adopted from Mughabghab and Dunford ~u98]. Based on
a (2J+1 ) dependence of the level density, the p-wave level spacing is assumed to be 1/2 of thes-
wave spacing.
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Xn the unresolved resonance regio~ the average capture cross sections measured by
Wlsshaketczl ~195], Nakajimaetal. ~a89], and Beer and Macklin ~e88] 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 (157Gd)

Quantity unit
BNL

98:-C ‘BmwF’ JEF-2.2 JE~- LA:$ Present
compil.

R fm 4.90 4.90 4.90 7.80

070 kbarn 254fi).815 254ti 255.8 253.4 254.1 253.5 253.7
OsO barn 1000 1015 1756 1007 1005 1009

Gc&o barn 6~~2 627
c,nc&O barn 3;78 382

gw * 0.8500 0.8514 0.8522 0.8527 0.8515

RI-
barn 700H0 8OM1OO 759

Capt.””
762 763 711+ 754

RI-total”;
barn 960 946 936 989

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

Table 45. Average Resonance Parameters for the hresolved Resonance Region (157Gd)

Quantity unit

R fm

(Do) eV
so Xl O-”

(ryo} meV

(D,) eV

SI X104

(rT,) meV

(D 2) ev
S2 X104

(ry2) meV

13NL ENDF/ JENDL- PT ‘resent
JEF-2.2 ~ s.

compil. B-VI
Analysis

Adopted

4.90 6.88 7.80

4.9M.4 3.53 3.94 4.48i0.33 4.48**

1.SHO.2 2.92 1.90 2.25B.44 2.25
97-+8 98.0 97.0 100.0

3.53 1.97 2.24**

0.76 1.10 1.60

98.0 97.0 100.0

1.26

2.30

97.0

* Average parameters at the low energy of the unresolved region (304 ev).

** At the neutron separation energy of 158Gd.
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IV. COMPARISONS WITH OTHER EVALUATIONS

In this sectio~ we present a brief over-all surnnumy 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 FI1es

Table 46 gives a summary of the resolved and unresolved energy regions of the present and
ENDF/B-VI evaluations. ASshown for WC, 1°3~ 1°5Pd,lWA&131Xe,133CS141Pr,147Srqand149S~
the resonance regions of the present evaluations are represented by more additional resonances than
those of the ENDF/13-6 evaluations.

IV.B Thermal Cross Sections

In Table 47, the thermal capture cross sections of the nuclei ‘sMo, 1°5Pd, 14%Jd,147SQ and
150Smdisplay absolute diflkrences greater than 3% between the present evaluations and those
ENDF/B-6. However, good agreement is achieved with other evaluations for these isotopes.

IV.C Capture Resonance Integrals

of

i% demonstrated in Table 48, disagreements larger than *5% between the present results and
those of ENDF/13-6 exist in the calculated capture resonance integrals for WC, 1°5Pd,131Xe,131Cs,
and 141Pr.

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 95M0, 1°5Pd, and 151Smwhile for 131Xeit is smaller than the
other evaluations.

IV.E Effective Scattering Radii

The potential scattering rafil implemented in the resolved and unresolved energy regions of
the various evaluations are summarized in Table 50. With the exception of 155Gdand 157Gd,general
agreement exits among the various evaluations. However, our values for these two isotopes, which
are consistent with the systematic study ~u84], are much larger than those of the other evaluations.

IV.F Wescott Factors for Capture Cross Sections

As shown in Table
Wescott ftiors for capture

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

Table 52 gives a surnrmy of the calculated scattering and total resonance integrals of the
various evaluations. Major disagreements, larger than 15°/0,exist among the various evaluations of
the scattering resonance integrals for 1°IRu,‘05Pd,150SW151SW155Gd,and 157Gd.

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 ~u81, Mu84, Re98], are compared.
Whhin the uncertainty limits generated by the Porter-Thomas analysis in the resolved energy regioz
general agreement exists among the dfierent 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 @lu8 1], ~u84] and ~e98] are compared. With the
exception of93Mo, l’%ld and ‘5*SWthe level spacings of the present study, derived fiomthe resolved
energy regio~ are applied in the unresolved energy region without any adjustments.

IV.J S-Wave Radiative Widths

In Table 55, the s-wave average radiative widths, implemented in the unresolved energy
regions of the various evaluations, as well as those reported in ~u81 ], ~u84] and ~e98], are
compared. In the present study, the average values obtained horn the resolved energy region were
generally applied in the unresolved region. Vruying adjustments in the radiative widths were carried
out in order to fit the unresolved capture cross section. Adjustments larger than 20°/0were made on
the radiative widths of ~c, 14?Nd,and 149S~ none on 1°IRu,1°5Pd,131Xe,133CS,147SW~50SWIsa
155Gd,and 157Gd,and minor ones on the remainder.

IV.K Maxwellian 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
~e92] and Bao’s ~a87] compilations. When compared with the results derived on the basis of the
ENDF/B-6 evaluations, differences larger than 10% exist for 103~ 14%Jd,149Sm. However, our
results for these nuclei are in good agreement with those of ~e92] and @3a87].
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Table 46. Status of Resonance Data in MF=2

Isotope

42-Mo-95
43-Tc-99

44-Ru- 101
45-Rh-lo3
46-Pal-105

47-Ag-109
54-Xe-131
55-CS-133
59-Pr-141

w 60-Nd- 143
%

60-Nd-145
62-Sm-147
62-Sm-149
62-Sm-150
62-Sm-151

62-Sm-152
63-Eu-153
64-Gd- 155
64-Gd-157

1st Inelastic
ExcitedLevel

(keV)’

204.12
140,51
127.23
39.756

280.51

88,034
80.185
80.997

145.44
742.05

67.220
121.22
22.507

333.86
4.821

121.78
83.367
60.009
54.533

UpperEnergyof RRR(keV)

ENDF/B-VI

2.188
0.800
1,000
1.500
1.000

2.509
4.000
2.500
0.991
5.285

4.140
1.000

O.loot
1.600
0.300

5.025
0.097
0.183
0.307

Present

2.141
0,983
1.035
4.116
2.054

4.996
3,945
3.989

10.049
5.503

3.979
1.998
0.520
1.563
0.296

5.102
0.098
0.183
0.307

No. ofResolved Resonances b

ENDF/B-VI

25+ 30 (0)
42+ 25 (1)

40+ o (o)
59+ 60 (0)
80+ O(1)

83+ O(0)

39+ o(1)
123+ O(0)

15+ o(o)
121+27(1)

212+ o(1)
140+ o (1)
29+ O(1)
22+ o (1)

120+ o (1)

91+ o(1)
71+ o (1)
92+ O(0)
56+ O(0)

Present

20+ 35 (1)
41+ 54 (1)
41+ 7 (o)

!0!+178 (1)

141+ 57 (2)

236+ 71 (0)
45+ 2 (1)

148+ 39 (2)
79+ 47 (2)

122+ 27 (1)

194+ o(1)
211+ o(1)
158+ O(1)
22+ o (1)

120+ o (1)

91+ o(1)
71+ o(1)
92+ O(0)
60+ O(0)

Upper Energy of URR (keV)

ENDF/B-VI

141.4
100.0
40.4

100.0

50.0
30.0
10.0

100.0

100.0
1.0

10,4
10.4

Present

206.3
141.9
128.5
A~.~

283.2

88.8
80.8
81.6

146.5
225.0

67.7
122.1
100.0 d
336.1

66.2 e

122.6
83.9
60.4
54.9

w In the center-of-mass system
b: Numberof s-wavepositive-energyresonances+ Numberof p-waveresonances;Numberof boundlevelresonancesin parentheses
c: Lower limitof the resolvedresonanceregion(RRR)is 2.361eV.
d: The secondinelasticlevelis 277.075keVin the center-of-masssystem.
e: This correspondsto the secondinelasticlevel.



Table 47. Capture Cross Sections at 0.0253 eV (barn)

Isotope

42-Mo-95
43-Tc-99

44-Ru-101
45-RII-1O3
46-Pd-105

47-Ag- 109
54-Xe-131
55-CS-133
59-Pr-141
60-Nd-143

F
w
o 60-Nd-145

62-Sm-147
62-Sm-149
62-Sm-150
62-Sm-151

62-Sm-152
63-Eu-153
64-Gd-155
64-Gd-157

BNL
Compilation

14.0*0.5
20*1

3.4*0.9
145+2

20.0*3.O

91.0*1.O
85+10

29.0+ 1.5
11.5*0.3
325*1O

42*2
57*3

40140*600
104*4

15200+300

206&6
312*7

60900*500
254000+815

98CRC

13.4*0.3
23*2
5+1

145
22*2

91.2
90* 10
30.4
11,5

33O*1O

47*6
56*4

401OO*6OO
102+5

15200t300

206f15
300&20

61OOO*1OOO
254000f3000

a: FromJEFReport 14,0ECD/NEA,Paris (1994)

ENDF/B-VI’ JEF-2.2 a

14.6
19.6
3.43

147
20.1

91.0
90.6
29.7
11.5

325

42.1
57.5

39730
104

15250

207
313

61100
255800

14.0
19.1
3.42

146
21.8

90.8
85.1
29.1
11.5

323

41.9
57.2

40480
103

15190

206
300

60790
253400

JENDL-3.2 b

14.0
19.6
3.36

147
20.3

90.5
85.0
29.0
11.5

330

43.8
58.0

40150
109

15160

206
313

60890
254100

LIPAR-5

90.7

319

41.9
56.7

39420
108.2

15160

202
312

60710
253500

Relative
Present c Diff. (%)d

13.6
20.0

3.45
145
20.9

90.8
90.0
29.0
11.5

325

49.8
50.0

40530
100

15170

206
312

60730
253700

-7,4
2.0
0.6

-1.4
3.8

-0.2
-0.7
-2.4

0,0
0.0

15.5
-15.0

2.0
-3.9
-0.5

-0.5
0.0

-0.6
-0.8

b: From General Description (MF=l) of JENDL-3.2
c:Calculatedusing LINEAR-RECENT-SIGMA l-lNTERcodes
d: Relative Difference= (1 - a~mFB-v’/ cq~e’’n’)x100



Table 48. Capture Resonance htegrals (barn)

Isotope

42-Mo-95
43-Tc-99

44-Ru-101
45-Rh-lo3
46-Pal-105

47-Ag-109
54-Xe-131
55-CS-133
59-Pr-141
60-Nd-143F

w

60-Nd-145
62-Sm-147
62-Sm-149
62-Sm-150
62-Sm-151

62-Sm-152
63-Eu-153
64-Gd-155
64-Gal-157

BNL
Compilation

109*5
340A20
100*2O

1100+50
62.2

1400&48
900* 100
437*26
17.4f2.O
128*3O

240&35
—

3390
358*5O

3520+160

2970~100
142O*1OO
1447*100
700*20

98CRC

109*5

110+30
1180

60~20

1480
9OO*1OO

422
14*3

128+30

260&40
71O*5O

31OO*5OO
290&30
3520*60

3000*300
1800*400
154O*1OO
800&100

ENDF/B-VIa

113
350
111

1035
111

1471
1016
383

19.0
130

231
789

3258
338

3449

2981
1499
1555
759

JEF-2.2 ‘

110
304
111

1035
93.1

1473
890
439

17.9
130

231
794

3484
339

3465

2977
1448
1543
762

a: FromJEFReport 14,0ECD/NEA,Paris (1994)
b: FromGeneralDescription(MF=l) of JENDL-3.2
c: Integrated from 0.5 eV to the upper energy of resolved resonance region

JENDL-3.2 b

119
312
100

1040
96.8

1470
900
396

18.4
130

204
781

3490
325

3410

2770
1410
1540
763

LIPAR-5C

—

1467
—
—

127

228
721

3355
334

3397

2958
1305
1437
711

Relative
Present d Diff.(%)e

111
312
111

1036
95.2

1476
882
421

17.6
130

245
777

3482
334

3430

2976
1408
1537
754

-2.2
-12.2

0.1
0.1

-16.6

0.4
-15.2

9.0
-7.7

0.7

5.7
-1.4

6.4
-1.2
-0.6

-0.2
-6.5
-1.2
-0.7

d: Calculated using LINEAR-RECENT-SIGMA l–INTER codes; Integrated from 0.5 eV to 100 keV with l/E spectrum
e: Relative Difference= (1 – IYEmFrn-vl/ 17ReSent)x100



Table 49. Elastic Scattering Cross Sections at 0.0253 eV (barn)

Isotope

42-Mo-95
43-Tc-99

44-Ru-1OI
45-Rh-lo3
46-Pd-105

47-Ag-109
54-Xe-131
55-CS-133
59-Pr-141
60-Nd- 143

60-Nd-145
62-Sm-147
62-Sm-149
62-Sm-150
62-Sm-151

62-Sm-152
63-Eu- 153
64-Gd-155
64-Gd-157

BNL
Compilation

—

—

5.0*0.6

2.55*0.06
—

2.54&0.06
80+2

197

3.OtO.2
9.7*().7

60
1000

ENDF/B-VI a

2.48
6.88
3.23
4.69
5.01

2.25
4.32
4.98
2.18

80.6

17.4
39.1

139
19.0
43.5

3.12
9.04

58.9
1015

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

JEF-2.2a

5.21
3.54
5.05
3.43
5.22

2.30
24.3

3.88
2.59

80.8

18,3
39.9

176
21,2
39.3

2,93
6.75

59.0
1756

JENDL-3,2b

5.57”
3.44
3.74
3.28
5.13

2,48
24.0

4.29
2.54

80.3

20.3
1.06

173
8.34

50.4

0.95
10.3
59.0

1007

LIPAR-5

—

2.42

80,0

17.9
3.8

163
10.3
34.4

7.49
7.68

58.6
1005

Presentc

6.41
5.81
4.50
4.37
7.36

2.12
1,19
3.97
2.71

80.4

18.7
1.06

194
27.7
62.0

3.11
9.00

60.7
1009

c: CalculatedusingLINEAR-RECENT-SIGMAl–INTERcodes



Table 50. Effective Scattering Radii (tin)

Isotope

42-Mo-95
43-Tc-99

44-Ru-101
45-Rh-lo3
46-Pd-105

47-Ag-109
54-Xe-131
55-CS-133
59-Pr-141
60-Nd-143

L
w 60-Nd-145

62-Sm-147
62-Sm-149
62-Sm-150
62-Sm-151

62-Sin- 152
63-Eu-153
64-Gd-155
64-Gd-157

BNL
CornDilation

7.O&O.2
6.o&o.5

6.2&0.3
6.6~o.3

6.6~o,2

5.3*0.5
4.9*0,5

8.3*0.2
8.3*o.2

8.3&0.2
8.2&o.2

ENDF/B-VI
In RRR In URR

5.50
7.91
5.62
7.09
6.60

6.60
5.85
7,52
6.28
5.54

6.80
8.30
5.09
6.41
8.30

8.30
8.80
6.70
4.90

+

7.67

JEF-2.2
In RRR In URR

7.00
6.00
6.90
6.20
6.70

6.60
5.40
5.30
4.40
5.60

6.00
8.30
8.30
6.40
7.20

8.30
8.80
6.70
4.90

6.80
+

6.56
+

6.30

5.50
+

7.34

5.00
6.37
5.09

7.46

6.44
+

3.59

JENDL-3.2
InRRR In URR

7.00 6.68
6.00 6.22
6.10 5,06
6.20 6.52
6.50 4.60

7.05 6.62
5.31 5.63
5.35 5.84
4.90 5,18
5.60 4,13

6.00 7.68
8.30 6,64
7.52 7.90
8.08 5.92
7.95 5.72

8.20 7.56
8.63 6.42
6.70 6.83
4.90 6.88

Present ●

7,00
7.00
6.53
6.56
6.60

6.60
5.40
5.30
4,93
5.60

6.00
8.30
8.30
8.00
8.30

8.30
8.20
8.00
7.80

* The same value is adopted for both resolved and unresolved resonance regions.



Table 51. Westeott Factors for Capture

Isotope

42-Mo-95
43-Tc-99

44-Ru-101
45-Rh-lo3
46-Pd-105

47-Ag-109
54-Xe-131
55-CS-133
59-Pr-141
60-Nd- 143

60-Nd-145
62-Sm-147
62-Sm-149
62-Sm-150
62-Sm-151

62-Sm-152
63-Eu-153
64-Gd-155
64-Gd-157

a: Calculatedwithv

ENDF/B-VIa

0.9990

1.004
1.003
1.022
0.9973

1.006
0.9996
1.004
1.002
0.9981

1.002
0.9990
1.704
1.000
0.9308

1.004
0.9738
0.8419
0.8500

JEF-2.2 a

0.9987

1.004
1.001
1.023
0.9951

1.005
1.001
1.002
0.9997
0.9961

0.9996
1.001
1.717
0.9979
0.9271

1.003
0.9662
0.8435
0.8514

~esofcrY”andcrY,MW,inJEFReport14

JENDL-3.2’

0.9994
1.004
1.001
1.022
0.9986

1.005
1.001
1.002
0.9990
0.9961

1.000
0.9946
1.685
0.9938
0.9278

1.003
0.9869
0.8437
0.8522

LIPAR-5

1.0050

—

0.9961

0.9998
0.9942
1.7088
0.9936
0.9256

1.0032
0.9801
0.8446
0.8527

OECD/NEA, paris (1994)

Present b

1.0000
1.0036
1.0016
1.0229
0.9995

1.0053
1.0014
1.0029
0.9995
0.9966

1.0000
0.9965
1.7171
0.9985
0.9274

1.0035
0.9871
0.8440
0.8515

b: Calculatedusing LINEAR-RECENT-SIGMA 1-INTER codes



Table 52. Elastic Scattering and Total Resonance Integrals*

Isotope

42-Mo-95
43-Tc-99

44-Ru-101
45-Rh-lo3
46-Pd-i05

47-Ag-109
54-Xe-131
55-CS-133
59-Pr-141
60-Nd-143

60-Nd-145
62-Sm-147
62-Sm-149
62-Sm-150
62-Sin- 151

62-Sm-152
63-Eu-153
64-Gal-155
64-Gd-157

Elast

ENDFiB-VI

178
113
72.9
94.1
~~.,i

219
1862

135
284
597

567
871
560
492
267

6074
199
171
200

ScatteringRe

JEF-2.2

196
84.7
89.6
79.8
82:2

216
2068

117
216
597

566
845
485
501
297

6070
196
162
182

nanceIntegral[

JENDL-3.2

216
74.8
73.9
78.5
72.1

218
2039

113
221
567

573
745
578
475
343

5977
196
134
175

Mu-n)

Present

205
97.1
89.3
89.5
90.8

214
1883

114
220
598

562
728
538
556
325

6068
181
168
234

ENDF/B-VI

291
463
184

1129
200

1691
2877

518
303
726

797
1660
3819

830
3726

9055
1699
1726
960

Total Resonance Integral (barn)

JEF-2.2

306
389
200

1115
175

1690
2958

556
234
726

798
1639
3969

840
3765

9048
1644
1705
946

JENDL-3.2

334
386
173

1121
168

1689
2938

508
239
696

776
1524
4071

799
3752

8740
1605
1667
936

Present

315
409
200

1126
186

1691
2765
535
237
728

807
1505
4021

890
3765

9045
1590
1705
989

* Integrated from 0.5 eV to 100 keV with l/E spectrum: Present values are calculated using LINEAR-RECENT-SIGMA l–lNTER codes.

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



Table 53. s-wave Neutron Strength Functions in the Unresolved Resonance Region (x 104)

Isotope

42-Mo-95
43-Tc-99

44-Ru-101
45-Rh-lo3
46-Pd- 105

47-Ag-109
54-Xe-131
55-CS-133
59-Pr-141
60-Nd-143

w
u
m

60-Nd-145
62-Sm-147
62-Sin- 149
62-Sm-150
62-Sin- 151

62-Sm-152
63-Eu-153
64-Gd-155
64-Gd-157

BNL
Compilation

0,35*0.07
0.45*0.05
0.54+0.04

0.6+0. 1
0.60f0.05

0.46f0.15
1,2+0.4

0.7*0.07
1.5f0.2
3,2k0.3

4.4*0.4
4.8f0.5
4.6k0.6
3.6*1.1
4.2k0.4

2.2*0.3
2.5*0.2
2.0*0.2
1.9+0.2

ENDF/B-VI

0.43
0,59
0.43

—

—

3.50

4.00
4.80
3.20
3.60

—

2.50
2.50
3.08
2.92

JEF-2.2

0.55
0.59
0.49
0.58

0.64

0.80
1.00
3.40

5.20
4.26
4,13

4.50

2,30
2.50
3.00

JENDL-3.2 *

0.37
0.54
0.59
0.45
0.60

0.54
0.70
0.70
1.50
2.62

2.93
4.80
4.60
3.60
4.20

2.20
2.80
2.00
1.90

RIPL

O.6O*O.1O
0.48*0.07
0.56k0.05
0,47k0.06
0.60k0.05

0.75*0.08
1.20+0.30
0.76t0. 10
1.70+0.30
3.8010.40

3.20k0.40
4.80+0,50
6.30+1.20
3.40*0.60
3.40*0.50

3.00*0.40
2.20+0.30
2.00k0.30
2.20&0.40

Prf

PT Analysis

0.45*0.16
0.43*0.10
0.62f0. 15
0.57*0.09
0.66*0.08

0.52&0.05
0.79+0.20
o.73&o.09
1.77*0.30
3.62*0.51

4.75k0.52
4.86&0.50
4.53*0.54
4.31*1,42
4.06&0.56

2.23&0.35
2.37h0.43
2,13*0.35
2.25k0.44

:nt

Adopted

0.45
0.43
0.62
0.57
0.50

0.57
0.79
0.73
1.77
3.62

4.75
4.86
4.53
4.31
4,06

2.23
2.37
2,13
2.25

* At the lowest energy of the unresolved resonance region



Table 54. s-wave Average Level Spacings in the Unresolved Resonance Region (eV)

Isotope

42-Mo-95
43-Tc-99

44-Ru-101
45-Rh-lo3
46-Pd-iu5

47-Ag-109
54-Xe-131
55-CS-133
59-Pr-141
60-Nd-143

60-Nd-145
62-Sm-147
62-Sm-149
62-Sm-150
62-Sm-151

62-Sm-152
63-Eu-153
64-Gd-155
64-Gd-157

BNL
Compilation ENDF/B-VI

55*8
10.7A1.8

16+2 c
16*1

iO.OMM’

14&2
70f20 c

20.65k2.3
88*9

45*4

22*2
5.7*0.5
2.220.2

55*9
1.2*0,2

51.8+3.3
1.3+0.2
1.8+0.2
4.9+0.4

12.1
20.4
10.1
—

32.5

17.3
5.70
3.43

48.0
—

28.0
1.30
1.27
3.53

a: At the lowest energy of unresolved resonance region

JEF-2!2

—

18.3
18.3
25.8
10.3

16,1
—

21.8
120.0
36.0

18.2
6.32
1.97

1.20

52.5
1.30
2.20

JENDL-3.2a

78.9
20.6
25.6
32.1

5.31

19.4
35.5
16.5

134.2
36.4

17.2
5.70
1.54

59.8
4.85

33.5
1.66
0.857
3.95

RIPL

105 * 10
12.8 + 1.8
18.0 * 3.0
32.0 k 4.0
10.3 * 0.5

15.1 * 1.4
49.0 * 15.0
21.0 * 2.0

110 *2O
35.0 * 5.0

17.0 * 3.0
5.10 * 0.50
2.10 * 0.30

46.0 f 8.0
1.04 * 0.15

48.0 * 5.0
1.10 * 0.20
1.70 * 0.20
4.90 * 0.50

Pre

PT Analysis

80.7 + 13.1
15.4 * 2.0
19.3 + 1.8
28.6 t 1.6
10.3 * 0.5

20.0 * 0.8
42.8 + 5.0
19.8 + 0.9

118,0 A 7.2
38.0 + 2.0

18.0 & 0.8
6.05 + 0.23
2.45 t 0.11

46.5 & 8.6
1.48 A 0.09

47.5 * 2.7
1.14 A 0.08
1.45 * 0.09
4.48 &0.33

mt

Adoptedb

69.4
15,4
19.3
28.6
10,3

20.0
42.8
19.8

118.0
36.0

18.0
6.05
2.45

46.5
1.48

34.6
1.14
1.45
4.48

b: At the neutron separation energy of target+n
c: Observed level spacing



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

Isotope

42-Mo-95
43-Tc-99

44-Ru-101
45-Rh-lo3
46-Pd- 105

47-Ag-109
54-Xe-131
55-CS-133
59-Pr-141
60-Nd-143

w
u
m

60-Nd-145
62-Sm-147
62-Sm-149
62-Sm-150
62-Sm-151

62-Sm-152
63-Eu- 153
64-Gd-155
64-Gal-157

BNL
Compilation

160*20
160

180t15
160~15
145*8

130
—

120

80?9

54*5

69*2
62*2
60*5
92?7

61i7
93*3

1lof3
97*8

ENDF/B-VI

122
180
153

—
—

—

80

75
69
62
60
—

61
95.8

112
98

JEF-2.2

—

131.4
180
161.3
155

132.3
—

125.3
85.0

68.0,78.0

89.1
87.6
75.1
—

96

71.8
95.8

120
—

JENDL-3.2

232
187
173
230
145

130
114
120
86
79.1

97.5
69
62
60
92

61
94

110
97

a: Uncertainty-weighted average of known radiative widths of resolved resonances

RIPL

150 *2O
160 *5O
180 +15
160 *15
150* 8

130 *2O
114 *37
120 *lo
88k9
86*9

87*9
69*2
62*2
87 *16
95*4

67*5
95 *12

108 +10
97 *22

Prt

Average a

158 +14
173 *16
184 +10
162 *28
148 * 4

130 * 3
112 *11
123 * 4
86.0* 2.0
79.9& 2.0

63.8* 3,8
73.8* 1.5
56.7* 8.9
60,0+ 0.02
92.9& 3.7

60.0* 5.4
93*2

114 * 3
100 * 8

mt

Adopted

150
130
184
170
148

133
112
123
86.0
79.9

76.5b
73.8
78.5b
60.0
92.9

72.7
93.0

114
100

b: Unweighed average radiative width



Table 56. Average Capture Cross Sections Weighted with Maxwellian Spectrum at 30 keV (rob)

Isotope

Mo-95
Tc-99

Ru-101
Rh- 103
Pd- 105

Ag-109
Xe-131
CS-133
Pr-141

+ Nd-143

z
Nd-145
Sm-147
Sm-149
Sm-150
Sm-151

Sm-152
Eu-153
Gd-155
Gd-157

Beer’s Compilation b

292 + 12
782 & 39
996 & 40
810+ 14

1199+ 60

779 + 23
453+ 81
509* 21
119* 15
242* 10

485 f 100
1005 + 100
1409 & 65
434 + 26

1932 + 206

401 * 24
3170*317
2721 + 90
1355 * 39

Measured

Bao’s Compilation c

374 * 50
779 * 40
996 * 40
875 + 35

1199+ 60

779 & 23
348
509* 21
119* 15 ‘
253 + 10d

485 + 100
1005+ 100
1454 * 66
447 + 26

1932

396 * 22 d
3170*317
2800 * 280
1538+ 154

Recent Data

244.6 & 3.1 e

424.8 + 4.5 e
973.1 * lo.of

1819.9+ 17,2f
421,9* 3.8f

1825 + 450 g

473.2 * 4.4 f

2648 * 30 h
1369 + 15 h

ENDF/B-VI

375
855
952
943

1150

807
291
552
115
287

444
931

2384
378

2466

494
2575
2592
1387

Calculated a

Present

377
795
970
836

1190

787
306
513
117
239

423
929

1866
409

2569

460
2486
2564
1361

Relative DifY (%)

0.4
-7.5
1.8

-12.7
3.3

-2.6
5.1

-7.5
1.7

-19.9

-5.0
-0.2

-27.8
7.5
4.0

-7.4
-3.5
-1.1
-2.0

a: Using INTER; integrated from 10-5eV 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 Ra&ski, 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 Ilom

CIND~ the Computerized Index to Nuclear Data [CI], and Nuclear Science References ~S].

In additio~ recent measured resonance parameters, as well as other data such as thermal cross

sections and capture cross sections in the keV energy regioq are obtained from CSISRS [CS],

which is the NNDC version of EXFOR database @3X1. After reviewing the available

measurements and updating the data reported in the BNL compilations, a computerized data file

of resolved resonance parameters, BNL325. TH, is prepared.

In the next step, as described in the main text, the 1 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 additio~ 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. Tn. In addition, the fitting of reduced neutron widths to the

Porter-Thomas distribution is pefiormed. 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. Tn. 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

ENDFRT~by the WIUUR.R computer code. A set of parameters consists of energy dependent

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 1 and J. The energy points are defined in the input file for WIULJRR code. The file

ENDFL? T~ is generated by WRIURR.

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

code. After extracting capture cross sections in the umesolved region from the etifi.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 dat~ the resonance parameters

for the unresolved region are then adjusted and a revised ENDFU. TM file is then generated

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

keV energy region.

~0 ~Qrn.p&r~ ~h~ p~~n~ w~!u~~~on w~fh ~~h~~ gw~!u~@j !~~~~fies Qr &@ .qWXXS, ~h~

thermal cross sections, resonance integrals, Maxwellian-averaged cross sections, and so on are

calculated with the finalized ENDFU. TH file. For this calculatio~ the point-wise cross sections
“.-. . . .

are broadened to 300 K by using hlUMAl code. Subsequently, the IINTIZRcode calculates the

above quantities using the broadened-m file resulting from SIGMA1.

Descriptions of the computer codes PSY325, LINE~ RECENT, SIGMA1, and INTER
--—1--0-..-1 :—l-l -nL1
GUI UC lUUIIU III 11.XYUJ.

References

[CI] http: //~.nndc.bnl.gov/nndc/cinda or http://www-nds. iaea.or.at/cinda

[Cs] http://www.mdc. bnl.gov/nndc/efior

Pm http: //www-nds. iaea.or.atlefior

~_e~~] T .emmd I-T 11 “III&X ~fhh]clear nata T .ihrark” LA&A--ND~-7, R-w. 96/~ 1,--. .-..-., --. — ., . .--. -— ---- —. -.-.--,

IAEA (1996).

~s] http://www.nndc. bnl.gov/nndc/nsr
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Appendix B: PTANAL [Jser’s Guide

The PTANAL program is used for obtaining the average resonance parameters horn the

analysis of the Porter-Thomas distribution for the reduced neutron widths in the resolved

resonance energy region. lk also assigns the 1and J values, which have not been determined from

the measurements, by applying the Bayesian method and random assignment method,

respectively. In addltio~ the known radiative widths are averaged in two ways: one is an

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 reqpires two input files PTANAL.INP and BNL325.TXT. The

PTANAL.INP file is the stzmdard input in the name-list input format. This file consists of:

First card (in other words, record or line): “&zdata”from column 2 to 6;

In the second to (last-l) 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 B 1. 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 fbr 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
... . . ..la+a-.-erl T1.a DTART AT -,------ Aamlc. --I., sx>:+h +ha ~mm.. Gw- +ha ra.anm-,-a am:- .mdU1lUGLG1llllllGU. I IIG I I -x- plu~IaIIi usal= UIIIy w 11.11(.1AQA1a~ci AU1 Lllb/ I bin)llculwu Oplu u~au

angular momentum. Unless the flag was set as ‘A’ or ‘ ‘, the program does not alter the 1value

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.T~, PTDISTX.DAT, and

PTDISTX.FIT files. ‘ The PTANAL.LIS is the standard output summarizing the results and
---- , --- .~m~r A. 1A 1 1s the Fiie i and 2 of the ENDF-6 format containing resoived resonance

parameters. The PTDISTX.DAT (x= null for all resonances, Ofor 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
n~TCT_ ~TT:- n.-. +- 13AT Glaawr.am+~~fltte~ m.,-La- -~ -AC-*.--A.~ 1M1OlA. k-n 13 MU1lG LU .UJ_I1 I1lG GAWQ~L llU1llUV1 UL 1 QiiullallwQs.
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Table B 1. Variables amearim in the PTANAL.INP file. .

Name unit Description
Defiudt
Value

Atomic weight of the target nuclide.
awt none

The program calculates AWRI as AWRJ = awt/1.008665.
none

mm none ZZAAA of the target nuclide none
spin none Spin of the target nuclide none
mat none Material number of the target none

1 or 2.
inflag none The program will read inflag”~n from the BNL325.TXT. none

of usual, inflag=2 for odd and =1 for even nuclide.
s-wave neutron strength fimction for the Bayesian analysis. The s-
wave strength function is obtained born the fitting of reduced

Sfll lE-04
neutron widths. Since the fitted value may be dif%erentfrom this

o.
input value, it is recommended to re-run PTANAL with fitted
strength fimction. Note, however, that the s-wave probability is not
so sensitive to the strength fiction.

Sfl(l),
~E44 A set of three trial p-wave neutron strength fimctions.

sfl(2), The p-wave probability is calculated with each sfl.
o.

sfl(3)
sf2 lE-04 d-wave neutron strength function for the Bayesian analysis. o.

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 o.

Upper energy limit for the analysis.
ecut eV

Recommended: ‘Energy of the last resonance+ 2*r
100000

ggavg(l) Average gamma width fors- and p-wave, respectively. These values o
meV

ggavg(2) are assigned to resonances with unknown gamma widths.
Weak resonance cutoff reduced width for s- and p-wave,

gncut(l)
meV respectively. Resonances having widths smaller than the values are o.

gncut(2)
excluded from the fitting process.
Strong resonance cutoff reduced width for s- wave. Resonances
having widths larger than this vahe are excluded Iiom the fitting

gncuth meV 10000
process. Large doublet or triplet resonances may be excluded from
the analysis by using this f=ture.
DeiMt uncertainty of grn 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.

disp
Spin dispersion parameter, a, for the Bethe formulanone
Note: with a large ‘disp’, the level density follows (2J+1) law.

100

Sample input (for Dy-160)

awF159.925, zun46 160, spin+, mat==637, inikg= 1, ecut=1994.5
si0=2.0, sfl=O.7, 1.4, 2.0, sf2=2.2, DO=27.3
gncut==.0, 0.0, gncuth=100., ggavg=2* 105.8, uncert=20., disp=3.
&end

152



Table B2. CFMTA Format (for each resonance)

EEIEiI ‘--‘-Den;:----’----------‘-------’‘ok
Record 1
1-7 17 Z2AAA
8-9 A2 ‘RIP’
10-18 E9.4 Resonanee energy [e~
19-24 E6.2 Uncertainty [e~, and
25 Al Flag indicating the status of the energy ‘R

26 Al Parity
27-29 F3.1 Resonanee Sp~ J, and
30 Al Flag indicating the status of given J Of usual ‘F’ or’ ‘(blank)
31 11 Angular momenq 1,and
32 Al Flag indicating the status of given 1 Of usual ‘F’ or’ ‘
33-40 E8.4 Total width r [eVJ, Of usual, not provided
4147 E7.4 Uncertainty [eVl, and
48 Al Flag indicating the status of given value
49-56 E8.4 gr,,or 2 gr. [eVl, See ‘inflag’ in PTANAMNP
57-63 E7.4 Uncertainty [eVl, and
64 Al Flag indicating the status of given value
65-72 E8.4 Radiative width r~ [eVj, PTANAL accepts this value even
73-79 E7.4 Uncertainty [eVl, and if the flag is ‘A’.
80 Al Flag indicating the status of given value
81-88 E8.4 s-wave recked width grn” or 2 grn” [eVl, Not USd in PTANAL
89-95 E7.4 Uncertainty [eVl, and
96 Al Flag indicating the status of given value
97-104 E8.4 Miscellaneous quantity, Of usti, capture area grnrY / r
105-111 E7.4 Uncertainty, and [eVJ is provided. In this case, if
112 Al Flag indicating the status of given value gr. is not provid~ PTANAL

calculates gr. from this quantity
with assumed g and rv,

113-115 A3 ‘BNL’
116-119 A4 Date in ‘WMM’
120-124 15 ‘10,()()()’

125-132 Pamrneter codes
Record 2
1-7 Same as Reeord 1
8-9 A2 ‘~?’

10-25 Same as Record 1
26-32 Bla&s
33-112 Reserved for 5 additional quantities
113-124 Same as Record 1
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Appendix C: WRIURRUser’s Guide

The WRTURR 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 files, 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:

Fkst card: “&urf’ 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 5.

The data section includes variables shown in Table C1.

WIUURR.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.
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Table Cl Vmiahles anneat-in~ in the WRll JRR TNP file.— ---- . . —------ - ~r-—--.m -.. . . . . . . -—--—- .— .- ----

Name unit Description

Sf(l)
sf(2) lE-04 Neutron strength fimctions of s-, p-, and d-wave, respectively
sf13)
gg(l)
gg(2) mev Average garnrna widths of s-, p-, and d-wave, respectively
jy3(3)

also(l)
Avemge level spacing of s-, p-, and d-wave, respectively

dsq2)
Normally only dsO(l) is required then dsO(2) and dsO(3)are calculated in tbe

eV
also(3)

program using the Bethe formula. IfdsO(2) and dsO(3) are provi~ energy-
independent level spacing and rn’are written in ENDFU.TXT.

eo eV Low energy boundary of the unresolved resonance regI.on
de(i), Energy intervals
i=l toup eV The energy points that will be written in File 2 are calculated as eo (first energy
to 300 point), eo+de( 1), eo+de( 1)+de(2), and so on.
bn MeV Neutron binding energy of the target nuclide
pair MeV Pairing energy of the targetnuclide
dena MeV’ Level tiensity p ammeter of the target nuclide
disp none Spin dispersion parameter, er, of the target nuclide

Flags indicating the energy dependence of level spacing and r: for s-, p-, and d-

$xm(1)
wave, respectively. If it is 1, the program writes energydependent level spacing

lcQn(2) none and reduced width using the Bethe formula. Othetise, the program writes

ic0n(3)
energy-independent values. Note that the strength fh.nctions are energy-
i.ndependent in any case. Parameters such as ‘bn’, ‘pair’, ‘dena’, and ‘disp’ are
used in the calculation of energydependent level spacings.

Sampleinput (for Eu-153)

&urr
bn=6.435, paid., dena=20.00, icon=3*l, s*2.37,0.6,5.4, gg=3*93., dso=l .14
eO=97.8,de=102.2, 500., 1000., 4*2000., 7*1OOOO.,3910.
&end
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