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In the Atlas of Neutron Resonances, special care was expended to ensure that the resonance parameter infor-
mation reproduces the various measured thermal cross sections, as well as the infinite dilute resonance integrals
for Z = 1-100. In contrast, the uncertainties of the recommended quantities do not match those generated from
the uncertainties of the resonance parameters. To address this problem, the present study was initiated to achieve
consistency for 15 actinides and 21 structural and coolant moderator materials. This is realized by assigning
uncertainties to the parameters of the negative-energy resonances and changing, if necessary, significantly the
uncertainties of the low-lying positive-energy resonances. The influence of correlations between parameters on

the derived uncertainties is examined and discussed.

I. INTRODUCTION

The National Nuclear Data Center produced a set of pre-
liminary neutron covariance estimates for the international
project, Nuclear Data Needs for Reactor Systems. The project
is sponsored by the OECD Nuclear Energy Agency (NEA),
Paris, under the Subgroup 26 of the International Working
Party on Evaluation Cooperation (WPEC), chaired by M. Sal-
vatores, ANL and CEA Cadarache. These preliminary co-
variances are described in the recent BNL report [1]. The
project is interested in 53 materials (isotopes) which include
19 actinides and 34 structural, coolant and moderator materi-
als. Out of them, the NNDC produced covariance estimates
for 36 materials.

In the low-energy region, the NNDC used the method de-
veloped by BNL and LANL [2] that combines the recent in-
formation in the Atlas of Neutron Resonances [3] and the
Bayesian code Kalman by Kawano and Shibata [4]. The idea
of this approach is to use uncertainties of various parameters
given in Ref. [3] and propagate them to cross section covari-
ances. This can be done in two ways. First, one starts with
cross sections and produces covariances straight in ENDF-6
file MF33 [1]. Second, as proposed in Ref. [5], one works
purely with resonance parameters, produces covariances in
MF32 and leaves up to processing codes the generation of
Ccross section covariances.

As emphasized in [3], the absolute values of various rec-
ommended quantities, such as thermal capture, fission and
scattering cross sections, as well as capture and fission res-
onance integrals, exhibit internal consistency with values cal-
culated from the resonance parameters. However, no attempt
was made to achieve consistencies between the various uncer-
tainties of these quantities. Such inconsistencies would then
propagate into the resulting cross section covariances render-
ing them less reliable.

In this study, consistencies between uncertainties of ther-
mal cross sections and resonance parameters for capture and
fission, but not scattering, cross sections were achieved for

the following 36 nuclei: '°F, 23Na, 27Al, 28Si, 52Cr, **Mn,
56,57 58N 90,01,92,04-~ . 166,167,168,1701,. 206,207,208
2 Fe, °°Ni, a4 & Er, Pb,
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209Bi, 233’234’236U, 237Np, 238,240,241,2421)11’ 241,242m,243Am
and 242’243’244’245Cm.
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FIG. 1: Novel systematics for the average capture widths [6]. The
ratio of the p-wave and s-wave radiative widths, displayed as a func-
tion of mass number, is designated by a solid green line. The p-wave
strength function S;, multiplied by 0.4 x 10%, is shown by a broken
red line.

II. METHODOLOGY

In this section, a brief account of the methodology and pro-
cedure considered in the analysis of covariances is presented.

e The starting point of the uncertainty analysis is an ex-
amination of the electronic file of the resonance param-
eters [3] in question to search for missing information.

e Where entries of the individual resonance parameters,
such as radiative or scattering widths, are absent due to
lack of measurements, then data based on the system-
atics described in [3] or other sources are supplied or
estimated.

e In addition to the average resonance parameters and the
systematics reported in [3], a recent detailed study [6]
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revealed for the first time a novel relationship between
the average p- and s-wave radiative widths, as illus-
trated in Fig. 1. The observed structures for the ratio
of the p-wave to s-wave radiative widths, I',, / Iy, at
mass numbers 90 and 114 are associated with the split-
ting of the 3p single-particle state into its 3p; /o and
3p3 /2 components due to the nuclear spin-orbit interac-
tion. Since these peaks are correlated with the p-wave
strength function (Fig. 1), the p-wave radiative widths
in the mass region 80-120 exhibit non-statistical effects
in the neutron radiative capture mechanism. The back-
ground term for the ratio is interpreted in terms of the
contribution of the giant dipole resonance to the cap-
ture process [6]. This significant information can be
utilized in determining either the s- or p-wave radiative
widths, when one is known with better accuracy than
the other. Furthermore, for certain nuclei where infor-
mation is lacking, scattering widths can be estimated
from the reported measured capture kernels.

e The Atlas file is then converted into an ENDF-6 format
with the aid of the computer program PTANAL [7]. In
this procedure, average s- and p-wave radiative widths
are supplied when such data is missing, and spin assign-
ments of resonances of undetermined values are ran-
domly made with the condition that the (2J+1) law for
level density is followed.

e The utility code RECENT and a PSY-325 program are

J
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2
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0Ey or

The calculated uncertainties for the thermal capture and fis-
sion cross sections due to all the individual s-wave resonances,
reported in [3], are determined by these relations and then
combined in quadratures to obtain the total uncertainty.

When correlations do exist between the various resonance
parameters, such as between I'y and I';, or I'y and I', then
the following additional terms, Egs. (3)-(4) have to be added
to Egs. (1-2)

(I,.T0) = 2 (g;mr ) (g;mr )p(rv,rnx 3

0 Oo ¢
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where p(I',,T';,) and p(I's,T,) are the correlation coeffi-
cients between I'y and I';, or between I'y and I, respectively.

applied to determine the various contributions to the
thermal cross sections and resonance integrals from in-
dividual resonances.

e The reported uncertainties of the thermal cross sections
are attributed to the uncertainties of the bound levels
and/or few low-energy resonances.

e Adjustments of the resonance parameter uncertainties
are carried out iteratively until the calculated uncertain-
ties of the thermal capture or fission cross sections con-
verge to the measured ones.

The total uncertainty of the capture (fission) cross section in
terms of the uncertainties of the individual resonance param-
eters, Fo, I',, ', and Iy, is expressed by Eq.(1) and Eq.(2),
when correlations do not exist between the parameters; other-
wise, additional terms, such as Eq.(3) and Eq.(4), have to be
considered.

Since a large number of resonance uncertainties contribute
to the scattering uncertainty, only the capture and fission un-
certainties were treated in this study; for an explanation, refer
to Eq.(1.9) and Eq.(1.14) in [3].

At the start, the correlations between the parameters were
not considered; their effects are studied later on for some nu-
clei. Also in this study, the Breit-Wigner relations for cap-
ture and fission are utilized for the determination of the partial
derivatives in Egs. (1-4).

2 aa_ 2
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The origin of these types of correlations is discussed briefly in
the following section.

III.  SOME SOURCES OF CORRELATIONS

In this section, a brief discussion of the sources of corre-
lations between the various parameters, emanating from the
analysis of the measurements, is presented.

e In capture measurements when the experimental reso-
lution function is larger than the natural width of a res-
onance, area analysis yields a capture kernel, defined
by A,= gI',T',/T, where g is the statistical spin fac-
tor. If A, < gI'y, then a scattering width can be eval-
uated from this relation by assuming an average cap-
ture width, derived from the systematics [3, 6], and a



IV RESULTS

spin value for the considered resonance. In this case,
p(I'y,, T') is negative.

e In combined capture and fission measurements, cap-
ture and fission kernels are determined, in which case
I'y/T', is found. The fission widths are subsequently
derived on the basis of an assumed average capture
width, as, for example, in the case of the isotopic
curium measurements of [8]. In this case p(I'y,T") is
positive.

e Neutron sensitivity corrections, applied to capture mea-
surements, are generally made with the help of the rela-
tion

[P =T, + kT,

where k is obtained experimentally. If k is not de-
termined correctly, then p(I',,,T';) can be positive. A
I',-I', correlation analysis, as well as theoretical cal-
culations [9], has to be performed to determine as to
whether the correlation exists. If affirmed, a determina-
tion has to be made as to whether it is due to neutron
sensitivity or valence capture [9].

e In determining the parameters of bound levels, for nu-
clei where the positive-energy resonances also con-
tribute significantly to the thermal capture cross section,
then a negative correlation exists between the parame-
ters of the positive-energy and bound resonances. Rela-
tions similar to those of Eqgs. (3-4) can be employed to
take into account their effects on the uncertainties.

IV. RESULTS

Our experience in the adjustment procedure is presented
and the outstanding issues resulting from the present analy-
sis are discussed for the following nuclei: °°Mn, ®°Fe, and
167Ry.

A. %°Mn

Adopted as a standard in neutron activation analysis, the
thermal capture cross section of *>Mn, ¢9 = 13.36 + 0.05
b (0.37%), is measured with high accuracy. As noted in a
footnote in the Atlas [3], the adoption of the capture widths
measured at ORNL [10], which were the only available data
at the time, leads to a calculated resonance capture integral
of 11.7 b. This value is discrepant with a measured value of
13.4+0.5 b [3]. To resolve this discrepancy, adjustments in
the capture widths of [10] were made; the results are shown in
column 5 of Table 1.

In addition, two bound s-wave levels with spins 2 and 3 are
invoked in order to account for the coherent and incoherent
scattering amplitudes of >®*Mn. The contributions to the ther-
mal capture cross section due to the bound levels, as well as
the 3 positive-energy resonances, are presented in the last col-
umn of Table I. With these parameters and those in [3] above
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FIG. 2: The measured capture cross section of >*Mn in the energy
region 0.01 to 300 eV. The solid line represents the present calcula-
tions based on the resonance parameters of Table I and in Ref. [3]
above 2.4 keV.

3 keV, the calculated capture cross section in the energy region
from 0.01 eV to 20 keV is displayed in Fig. 2 and is compared
with the measurements of [11] below 300 eV.

TABLE I: ®*Mn resonances and their contribution to the thermal
capture cross section. In the present notation, a = data from the
Atlas [3], and b = quantities evaluated in the present study. The
energy uncertainty of the 337.3 eV resonance is altered from 1.0
eV [3]to 0.7 eV.

Eo (eV)* 2gl', (eV)® 2g, (eV)! T,(eV)* T, (eV)’ o, (b)°
-16150 6255 6255 75+£0% 790 032
202 1.15 1.15 J540% 7940 338
3373 +£0.7 183 £2.2% 18.3+£.2% 3146.5% .40+.0 7.44
1099 +2.0 18.0 +£4.0% 18.0 +.4% 435 +23.0% 40+.0 1.50
2327 4+ 5.0 460 £52% 460 +2% 34 4+38.2% .40+.0 0.17

To account for a 0.37% uncertainty in the thermal capture
cross section, the uncertainties of the resonance parameters
have to be drastically reduced. It is significant to note that
consistency between the two uncertainties can be achieved by
changing the energy uncertainty of the resonance at 337.1 eV
from 1.0 eV to 0.7 eV.

This procedure presents an outstanding issue. To overcome
this problem, one can invoke an anti-correlation between the
parameters of the positive-energy and bound levels, which can
alleviate this problem. Such a procedure entailed imposing
large uncertainties on the parameters of the bound parameters
while retaining, with minor adjustments, the uncertainties of
the positive energy resonances as reported in [3]. The latter
procedure is justifiable on physical grounds. For details, refer
to [12].
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55Mn

B. °Fe

In this simple case, the thermal capture cross section sec-
tion of 9°Fe, ag =2.5940.14 b, is dominated by a bound level,
specified at an energy of -6.52 keV. The positive-energy res-
onance contributions due to all resonances up to an energy of
850 keV is only 0.09 b [3]. The pointwise capture cross sec-
tion in the energy region 0.007 eV to 1.41 keV was measured
by [13]. The computed and measured cross sections are de-
picted in Fig. 3. Note that the resonance at 1.147 keV has a
p-wave assignment, and hence does not have a contribution to
the thermal capture cross section of °Fe.

The 5.4% uncertainty of the thermal capture cross section
can be propagated by assigning a 3.82% uncertainty to both
the scattering and capture widths of the bound level only. The
positive-energy resonances then maintain their original un-
certainties [3]. In this case, it is not necessary to invoke an
anti-correlation between the bound and positive energy reso-
nances.

At this point, we point out the similarity of the capture cross
sections of ®2Cr and ®°Fe in that both are dominated by bound
levels; refer to the discussion in section V.
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FIG. 3: The measured capture cross of °°Fe in the energy region
0.01-3000 eV [13]. The solid line represents the calculations on the
basis of the resonance parameters of the Atlas [3].

C. Er

The thermal capture cross section of '67Er, 03 = 64948
b(1.2%) is dominated by two positive-energy resonances at
0.460 eV and 0.584 eV. The scattering and capture widths of
these two resonances are determined recently [14] by apply-
ing shape fit analysis to the transmission data, obtained for a
natural Er sample in the energy region from 0.03-20 eV. To
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FIG. 4: The measured capture cross of *®“Er in the energy region
from 0.001 to 10 eV. The solid line represents the calculations on the
basis of the resonance parameters of the Atlas [3].

TABLE II: *®"Er resonances and their contribution to the thermal
capture cross section. The two quantities in parentheses in columns
2 and 3 are the % uncertainties in the Atlas and the present study,
respectively.

Eo (eV) 2¢T,, (meV) T,(meV) o, (b)
236 117 (0.0, 10.0)% 88.0 (0.0, 11.0)% 7.9
0.460 £0.002 0.3031 (0.33, 0.33)% 87.12 (0.2, 0.4)% 423
0.584 £0.001 0.2163 (0.46, 0.46)% 86.20 (0.4,0.4)% 161

propagate a 1.2% uncertainty for 09/, the uncertainties of the
capture widths of the bound level and the resonance at 0.460
eV were changed as shown in column 3 of Table II. The uncer-
tainties of the scattering widths were maintained at the Atlas
values.

V. CORRELATION EFFECTS ON CALCULATED
UNCERTAINTIES

A correlation analysis between capture and scatter-
ing widths for the following nuclei °2Cr, ®>Mn, 9SFe,
167Er and 2*"Np was carried out. The correlation co-
efficients are, respectively, 0.63+0.09 (8 s-wave reso-
nances), 0.700£0.001 (49), 0.20+0.58 (10), 0.35+0.01 (54),
0.1240.12 (147). Note that the significance levels for 52Cr
and ®6Fe are high and null, respectively. For this reason, °Fe
is replaced by 52Cr in this analysis. In addition, we believe
that the high significance level of the correlation coefficient
for ®®Mn is due to neutron sensitivity correction and not aris-
ing from valence capture.

The effects of the correlation between the capture and scat-
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TABLE III: Effects of correlations between I'y, and I',, on the
thermal capture cross section uncertainties of 52Cr, 5°Mn, and
237Np for three values of the correlation coefficients, 0.0, -1.0, and
1.0.

nucleus oy (b) Ao, (b) Aoy (b) Aoy (b)
p(T,T,) 0.0 -1.0 +1.0
52Cr 0.86+0.02 0.020 0.018 0.023
55Mn 13.36+£0.05 0.047 0.047  0.049
ZTNp 178.743.0 3.0 1.6 4.0

tering widths of the same resonance on the capture uncertain-
ties for three nuclei, °>Cr, ®>Mn, and 2>"Np, were studied and
summarized in Table III. The case for p(I",,I';,) = O corre-
sponds to the results of the main study with no correlations,
where the calculated uncertainties reproduce those of the rec-
ommendations [3]. In columns 4 and 5 of Table III are the
results for p(I'y,T',)= -1 or +1. As shown, the correlations
produce negligible effects for ®2Cr, ®>Mn. This is a result
of the fact that the final adjusted uncertainties for the capture
widths are set to zero; refer to Eq.(3). On the other hand, a
non-negligible change occurs in the uncertainties of 23"Np.

VI. CONCLUSIONS

Internal consistency between the uncertainties of thermal
capture and fission cross sections and the uncertainties of res-

onance parameters is achieved for 15 actinides and 21 coolant
and structural materials. This was realized by re-assigning un-
certainties to the parameters of bound levels and low-energy
resonances. If the major contribution to the thermal capture
cross section is due to the positive-energy resonances, then
their uncertainties are significantly changed from values re-
ported in [3]; this pauses certain challenge as to what extent
these changes are physically justifiable. Such a situation can
be resolved by invoking an anti-correlation between the bound
and positive energy resonances, as determined for 5°Mn [12].

In other cases, where the thermal capture cross section is
dominated by bound levels, as in 52Cr and °YFe, the uncer-
tainties of the positive-energy resonances are unaffected from
those reported in [3]. The correlations between parameters of
the same resonance are studied and their effect on the adjusted
uncertainties is determined for some cases
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