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Abstract— This paper presents a new analysis of the 2>8U cross sections in the unresolved resonance
range, from 20 to 150 keV. Statistical analysis of the resonance parameters in the resolved resonance
range with random-matrix theory provides accurate experimental values of strength function, average
radiative width and average level spacing for s- and p-wave resonances. Above 20 keV, the simultaneous
fit of selected experimental data (average transmission and capture) is performed with a statistical model
of nuclear reactions as implemented in the SAMMY code.

Compared to previous evaluations, such as those described by Frohner or by Maslov et al., this work
benefits from the accurate transmission data measured by Harvey et al. at Oak Ridge Electron Linear
Accelerator, which have never been studied before. This new evaluation was written into the current
ENDF format for use in practical applications. This work stresses the need for an improved ENDF format
to store average resonance parameters and cross sections in the unresolved resonance range.

I. INTRODUCTION

A new evaluation of the 238U neutron cross section
in the unresolved resonance range, from 20 to 150 keV is
described. This energy range is of importance in the neu-
tronic calculations of both thermal and fast breeder re-
actors. One crucial aspect of evaluations in the unresolved
resonance range is that reporting only pointwise cross
sections is not sufficient: Nuclear data users require fur-
ther information on resonance parameters to model res-
onance shielding (i.e., the drop of neutron flux in the
vicinity of resonances) and temperature effects in neu-
tron transport calculations.

The evaluation performed by Frohner! 20 yr ago is
considered as a reference work and is still adopted in the
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most recent version of JEFF and ENDF/B nuclear data
libraries. The evaluation of Frohner was carefully vali-
dated with recent capture and total measurements as well
as energy-averaged transmission data through thick sam-
ples and self-indication ratios.”

However, several reasons justify a new investigation:

1. Arecent evaluation of the 238U resolved-resonance
parameters has been produced by the Oak Ridge Na-
tional Laboratory (ORNL) in collaboration with the Com-
missariat & I’Energie Atomique® (CEA) below 20 keV.
Statistical analysis of the new set of resonances provides
updated and accurate values of s- and p-wave strength
functions (S, and S;, respectively), average radiative
widths, as well as the level density (or spacing D) at low
energy.

2. The high-resolution transmission data by Har-
vey et al.* and capture data by Macklin et al.,> which
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were measured up to 150 keV at the Oak Ridge Elec-
tron Linear Accelerator (ORELA) in 1988, are fully
analyzed for the first time. The fluctuations in the aver-
age total and capture cross section are well measured
by these experiments. These structures, likely related to
the local fluctuations of the level-spacing and reduced-
width distributions, are discussed briefly.

II. STATISTICAL ANALYSIS OF 238U
RESONANCE PARAMETERS

We have investigated the sample of s- and p-wave
resonances from a recent ORNL evaluation.® This eval-
uation was based on a comprehensive experimental data-
base from thermal energy to 20 keV. Several transmission
and capture measurements, mostly performed at ORELA,
were fitted with the Reich-Moore approximation of
R-matrix theory using the SAMMY code.® Careful at-
tention was paid to the study of experimental condi-
tions (normalization, background, resolution function,
temperature). Complementary techniques have permit-
ted the separation between s-waves and p-waves ob-
served resonances:

1. The theory of conditional probability gives the
probability of a resonance with a given gI;,, tobe / = 0 or
[ =1 (Ref. 7). This method suggests appropriate values
for the orbital angular momentum by discriminating res-
onances according to the magnitude of their neutron re-
duced widths.

2. Below 1.6 keV, Corvi et al.8 have determined the
orbital angular momentum of 238U resonances by ana-
lyzing the gamma-ray spectrum following resonant cap-
ture. They noticed that the 7y transitions involved in the
decay of the compound nucleus are not the same in the
case of s- or p-wave resonances. The y multiplicity is
enhanced for p-waves, providing a way to identify the
orbital momentum.

3. S-wave resonances can be detected by the asym-
metry in the transmission data due to the potential-resonant
interference. More generally, the simultaneous fitting of
transmission and capture measurements and the analysis
of the goodness of fit permitted the assignment of / for
resonances with large reduced neutron widths.

The sample of p-wave resonances contains a large
number of resonances that could not be detected in the
experimental data. These unseen resonances were ran-
domly added in order to minimize the effect of the missed
levels on the calculated capture cross sections. Above
10 keV, poor experimental resolution makes resonance
analysis difficult so that even resonance energies could
not be reliably determined. A “pseudo-resonance” ap-
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proach was used; a set of resonances was proposed that
fits the transmission and capture data but does not accu-
rately represent actual resonances. Consequently, reso-
nances above 10 keV are not studied in the present
statistical analysis.

The first step is to investigate the purity of the three
populations of resonances: J™ = 1/2%, J™ = 1/27, and
J™ = 3/27. For s-wave resonances, quick inspection of
the plot of the cumulative number of levels versus en-
ergy (Fig. 1), as well as spacing and reduced width dis-
tribution (Fig. 2), does not permit easy determination of
the proportion of missing or spurious levels.

The random matrix theory®!° (RMT) provides more
efficient tools to analyze a sequence of resonances. The
random matrix model assumes that the nuclear Hamilto-
nian of a compound nucleus is represented by N X N real
symmetric matrices of high order, whose elements are
randomly distributed and independent [the ensembles of
such matrices are known as the Gaussian orthogonal en-
semble (GOE)]. Statistical properties of energy levels
and wave functions are deduced from the eigenvalues
and eigenvectors of the random matrix. The fluctuation
properties of nuclear spectra are measured by various
statistics. In the present work, comparison of experimen-
tal data with GOE theory is made with Monte Carlo
methods'! (i.e., generation and diagonalization of a large
number of 1500 X 1500 real, symmetric matrices). Var-
ious statistics on J7 = 1/2% levels below 5 keV were
investigated.

800
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Fig. 1. Plot of cumulative number of levels for the s-
(straight line) and p-wave (dashed line) resonances.
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Fig. 2. Distribution of 23U s-wave reduced neutron widths
below 3 keV compared with a fitted truncated Porter-Thomas
distribution. The small figure shows the comparison between
experimental spacings distribution with the Wigner formula.

1. The fluctuation of the number of levels in an
energy interval of fixed length r (in units of observed
average spacing AE = r * D,,,) is measured by the so-
called number variance 32(r). Table I shows reasonable
agreement between the J™ = 1/2" experimental data and
GOE prediction up to 2.5 keV (and even up to 5 keV). As
a more stringent test, the third and fourth moments of
this number-of-levels distribution (or equivalently the

skewness 7y, and excess y,) were also studied; reason-
able agreement was found below 2.5 keV.

2. The distribution of the nearest-neighbor spacings
follows the Wigner surmise. RMT also provides theoret-
ical forms of the spacing distribution P(k,r) (and the
associated spacing variance o) of higher order k (i.e.,
the distribution of spacings between two resonances hav-
ing k resonances between them). This test does not ap-
pear to be very sensitive to the presence of spurious levels,
and good agreement between 233U s-wave resonances
and GOE prediction is again observed up to 5 keV.

3. The short-range correlations between levels are
measured by the linear correlation coefficient between
nearest-neighbor level spacings. A theoretical correla-
tion p(D;,D;1) = —0.27 is demonstrated with GOE
and confirmed by the present Monte Carlo simulations.
Depending on the energy range studied, the experimen-
tal correlation coefficient lies between —0.2 and —0.35,
and no problem is detected below 5 keV.

4. The Az (Ref. 9) statistics is a more powerful mea-
sure of long-range correlations in nuclear spectra. It is
defined as the mean square of the deviation of the cumu-
lative number of levels (seen as a continuous function)
from a fitted straight line. This test is very sensitive to
the presence of impurities. As shown in Fig. 3, the agree-
ment is fair between resonance data and theory below
3 keV. The experimental Aj is overestimated at higher
energies, indicating there may be missed or spurious lev-
els (for instance, contamination of the s-wave set by
p-wave resonances).

5. As discussed in Ref. 12, the F-Dyson statistic
was introduced to provide a method to detect locally
missed and spurious levels. For each resonance, a simple

TABLE 1
Synthesis of the Statistics for 233U s- and p-wave Resonances Compared with GOE Results*
Experimental 238U Experimental 238U Experimental 238U
JT™=1/2% J™=1/2" J™=3/2"
Statistic GOE Theory [0 to 2.5 keV] [0 to 2.5 keV] [0 to 2.5 keV]
Aj 0.476 0.487 0.388 8.65
p -0.27 —0.32 0.09 —0.02
32(1) 0.44 0.45 0.56 0.70
32(3) 0.66 0.49 1.79 1.89
32(6) 0.80 0.55 4.85 3.71
09 0.53 0.50 0.79 0.77
6 0.82 0.65 2.34 1.91
a0 0.89 0.68 2.85 2.38
*See text for definition of statistics.
NUCLEAR SCIENCE AND ENGINEERING VOL. 156 JULY 2007
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Fig. 3. Analysis of 28U s-wave resonance parameters with
the Az Dyson-Mehta test. X-axis values are the upper bound-
aries of the energy intervals considered. The straight line is the
theoretical GOE prediction, and the dashed line represents the
theoretical standard deviation.

analytical function is computed whose expectation value
and standard deviation is known from GOE theory. Lo-
cal deviation from this theoretical estimate, outside 20,
can be interpreted as an indication of missed or spurious
levels. Figure 4 confirms the possible presence of missed
levels around 3 keV, as already indicated by the A;
statistics.

For p-wave resonances, despite the rather good lin-
ear behavior of the cumulative number of levels versus
energy below 3 keV, all random matrix statistics for

7 =1/27 or J™ = 3/27 disagree significantly from the
GOE prediction, as shown in Table I. The Aj statistic,
for instance, is significantly overestimated for J7 =
3/27. This result is not surprising because of the pres-
ence in the evaluated set of nonobserved small reso-
nances. Moreover, the spin attribution is experimentally
difficult for observed p-wave resonances. Note that RMT
gives theoretical results of GOE statistics for mixed and
independent spectra; these could permit testing of the
entire set of p-wave resonances regardless of the spin.

Table I shows the results of the statistics for individ-
ual populations. The conclusion of these tests, based ex-
clusively on resonance energy information, is that the
s-wave resonance parameter set seems to be almost pure
up to 2.5 keV and the fraction of missing or spurious
levels should be small. To support this conclusion, we
used a missing-level estimator based on the level-
spacing distribution. For a perfect sample, the level-
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Fig. 4. Analysis of 238U s-wave resonance parameters with
the F-Dyson test. The straight line is the theoretical value of
the F-Dyson function, and the dashed lines represent the theo-
retical estimate of the standard deviation (2¢) of the F-Dyson
function. Black dots are the experimental values of the F-Dyson
function for the 238U s-wave resonance data.

spacing distribution follows the Wigner distribution;
however, when a fraction f,, of energy levels is not de-
tected, the theoretical spacing distribution becomes '3

[ee)

P(D,f,) = > (1 =f,) Pk, r/f,) . (1)

k=0

Here, r = D/D,,,, and P(k,r) is the k-order spacing dis-
tribution mentioned in previous sections. For GOE, these
distributions were calculated by Monte Carlo or approx-
imated by a Gaussian function with a variance propor-
tional to In(27r[k + 1]). To fit such a distribution and
determine f,,, we used the maximum likelihood method,
which does not require a binning of the distribution. The
most likely value of f,, is obtained by maximizing the
likelihood function:

L(fm) = HP(anm) > (2)

where D; are the experimental values of spacings. Ap-
plying this estimator, the proportion of missing levels
with J7 = 1/2" is found to be <3% below 5 keV.

To determine the value of average strength func-
tion and level spacing, the distribution of evaluated
reduced neutron widths, for resonances below 2.5 keV,
was fitted with the truncated generalized Porter-Thomas

VOL. 156 JULY 2007
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TABLE II

Average Resonance Parameters from the Statistical
Analysis of 238U Resonances

TABLE III

Experimental Database Used in the Present
Evaluation of 233U

Neutron strength function / = 0
Neutron strength function [ =1

Average radiative widths / = 0
Average radiative widths [ =1

Average spacing [ = 0

Effective scattering radius [ = 0

So = (1.03 £ 0.05) 10~#
S =(1.70£0.2) 1074

I, =23.1+1.0meV
I, =21.1£2.0meV

Dy=1212+02¢eV
R’ =9.48 + 0.05 fm

distribution P(I', T, », T}) with v degrees of freedom (small
widths below the threshold I; are excluded):

(0 r<rT,
v/2T T /271
T'(v/2,vT,/2T) \ 2T

vl
X exp <——_> dl’
\ 2
(3)

Here, T is the reduced width and T'(v/2,vT,/2T) is the
upper incomplete gamma function defined as I'(x,y) =
J;7e 't dt. In this work, we assume v = 1 for a single
neutron channel. The fitting procedure is again the max-
imum likelihood method, which consists of determining
I’ by maximizing the likelihood function L = []; P(T, T,
v = 1,1};). Several threshold values in different energy
ranges have been tested to obtain simultaneously the value
of T and D. An example of a Porter-Thomas fit for s-wave
is shown in Fig. 2. Uncertainty values are given by the
maximum likelihood procedure and by the fluctuations
of the results with the threshold.

For p-wave resonances, despite significant devia-
tions of experimental statistics from GOE theory, strength
functions and average spacings were also estimated. The
final results are reported in Table II.

P(I,T,»,T,)dT =

r>T,.

III. EXPERIMENTAL DATABASE

The 23U cross sections above a few kilo-electron-
volts have been measured many times in the past. For
most of the measurements, detailed information is miss-
ing, and sometimes numerical values for experimental
data could not be found. Table III presents the selection
of measurements used to perform our evaluation.

Below 100 keV, the transmission data measured by
Harvey et al.* were carefully analyzed. Three samples
(thin, medium, and thick) were measured at ORELA using

NUCLEAR SCIENCE AND ENGINEERING VOL. 156
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Energy Range
Reference (keV)
Total
Harvey et al. (Ref. 4) 1 to 100
Poenitz et al. (Ref. 15) 49 to 820
Tsubone et al. (Ref. 16) 20 to 930
Byoun et al. (Ref. 17) 12 to 90
Uttley et al. (Ref. 18) 6 to 950
Capture
Kazakov et al. (Ref. 20) 4 to 460
Moxon et al. (Ref. 21) 1to 100
de Saussure et al. (Ref. 19) <100
Macklin et al. (Ref. 5) 0.25 to 100
Inelastic
Tsang et al. (Ref. 23) 144
Winters et al. (Ref. 24) 82
Barnard et al. (Ref. 25) 75 to 1620
Stromberg et al. (Ref. 26) 95
Moxon et al. (Ref. 27) 68 to 214

the 200-m flight path. The original data were corrected
for resonance shielding effect [i.e, attenuation of energy-
averaged transmission in the sample] using a set of arti-
ficial but realistic resonance parameters up to 100 keV as
input to the SAMMY code.'* Data from the three sam-
ples, averaged over 500-eV bins, give consistent total
cross-section values. Above 50 keV, the total cross-
section measurement of Poenitz '3 is also a reference mea-
surement and is included in the present analysis. In the
common range between the Harvey and the Poenitz data
(from 50 to 100 keV), the two experimental cross sec-
tions differ by ~2%. Older measurements from Tsubone
et al.,'® Byoun et al.,'” and Uttley et al.'® are also in-
cluded in the fit.

In the capture data measured at ORELA by de Saus-
sure et al.!” with the ORELAST liquid scintillator tank,
the normalization procedure was based on the saturated-
resonance technique, using only the first resonance at
6.67 eV. It was assumed that the resonance parameters of
this resonance were well known and that the multiple
scattering correction was sufficiently accurate.

However, it can be demonstrated that above 100 eV,
the de Saussure data need a significant renormalization.
As recommended by the recent ORNL analysis below
20 keV, a correction factor of —10% and a background
correction of about —50 mb were applied to the original
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data. This normalization procedure gives consistent val-
ues with the data of Kazakov et al.,?° as shown in Fig. 5.
The capture data of Moxon?! were also included in the
fit.

The Macklin capture data® range from 0.25 to 100
keV. Two uranium samples were measured at ORELA
with the ORELAST liquid scintillator tank using the
150-m flight path. The Macklin data were corrected for
self-shielding and multiple scattering effects.

The normalization of the capture yields originally
used the 238U resonances with small T,, which were as-
sumed to be known with a good accuracy from previous
high-resolution transmission experiments by Olsen et al.>?
Thus, the known areas of the resonances in the capture
measurements I, I, /T, =~ I}, could be used to normalize
the experimental capture yields. Nevertheless, a rather
high uncertainty in the normalization factor is still ex-
pected with this technique. The resonance analysis, be-
low 20 keV, suggests a significant upward renormalization
by +15 = 5% and a background correction of —110 =+
30 mb for the two samples. However, when these correc-
tion factors are applied above 20 keV and after self-
shielding and multiple scattering correction, the capture
cross sections derived from the two samples are discrep-
ant by more than 10%. For this reason, the Macklin data
were not included in the fit. Note that in Ref. 2, the
measurement of Macklin (only thin sample data) was
used to validate JEF2.2 capture cross section, but the
data showed a reasonable agreement only at low energy,
below 45 keV and disagreed at higher energy (see Fig. 4
in Ref. 2).

T T T
original de Saussure data

- » —renormalized and averaged de Saussure data
- @ - Kazakov et al. data

=

” .{ IJM‘ l\ ‘ ‘ | |

Capture cross section (barns)

1

NM il \\\‘\
P ™
"L”h

.
Vi
.

.

30 40 50 60 70 80 )
Neutron Energy (keV)
Fig. 5. Comparison between de Saussure capture data for

238U (original data and renormalized data averaged over 1-keV
energy bin, as explained in the text) and the Kazakov data.
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As in the Frohner evaluation,' the evaluated capture
cross section in the present work relies mainly on the
Kazakov et al. and Moxon et al. measurements whose
normalizations are considered to be more accurate. For
inelastic data, measurements taken from the EXFOR data-
base are used.?3-27

IV. FIT OF AVERAGE CROSS SECTIONS
WITH THE STATISTICAL MODEL OF
NUCLEAR REACTION

The present SAMMY calculations are based on the
statistical theory of nuclear reaction originally devel-
oped by Lane and Thomas,?® Wolfenstein,?® and Hauser
and Feschbach,*® and extensively studied by Moldauer.!

We use the R-matrix form of the collision matrix.
After averaging over a large number of resonances, the
diagonal elements of the collision matrix (U.. ) depend
on two important parameters: the distant level parameter
R, which is the real part of the diagonal elements of the
average R matrix, and the pole strength s., which is the
corresponding imaginary part (related to the usual strength
function S, by s. = 1/(2ka,)NE/1 eV S.),

— (Le— B)(R,)
1= (L.~ B)(R,)

() = 72

1+ iP.R” —mP,s,
= o2 L@
1 —iP.R”+ @P,s,

where
¢ = neutron channel

= 8, + iP. = vector ‘whose real part is the vec-
tor of phase shift S, and the i imaginary part is
the vector of penetrabilities P,

¢. = hard-sphere phase shift

(R.) = RY? + ims. = diagonal part of the average R
matrix

B. = boundary conditions for the logarithmic de-
rivative of the wave function at the channel
radius a..

The total cross section is obtained directly from this
form of collision matrix. The nonelastic partial cross sec-
tion is calculated with the Hauser-Feschbach formula
using the elastic enhancement and width fluctuation cor-
rection factor (WFCF):

T.T.

crc

S,

c

fWFCF . (5)

a-(,'(," = ﬂ.ng{,
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The transmission coefficients 7, are related to the
pole strength, the distant-level parameter, and the pene-
trabilities. In SAMMY, instead of transmission coeffi-
cient, the cross sections (except fission) are expressed as
a function of the neutron strength functions S; and the
average radiative widths (T, ). These parameters can be
fitted provided that a careful choice of initial value and
uncertainties is made. The version 1.0.6 of the SAMMY
code (September 2005) was used.

1. The Moldauer prescription3? was used to com-
pute the WFCF.

2. In the present methodology, the neutron strength
functions S, and distant level parameters R, for the first
four partial waves are energy independent in the range
20 to 150 keV and are independent of the spin of the
compound nucleus. As shown in Table IV, for [ = 0 and
1, the initial values of strength functions are taken from
the statistical analysis of resonances described in Sec. 111
and a small uncertainty is given to constrain the fit. S,
and S3 are also fitted using Sy and S, respectively, as
starting values before the fit.

3. The distant level parameters R;° are also fitted,
but for [ = 0, the starting value of —0.1255 was adopted
with a small uncertainty. This value was deduced from
the determination of the effective scattering radius R, =
9.48 fm in the resonance analysis using the relationship
R, =a(1—Ry) valid at low energy for [ = 0. For higher
partial waves, R;” are fitted using the a priori value of
Frohner! and the a priori uncertainty of 10%.

TABLE IV

Values of Initial Parameters and Associated Uncertainties for
238U in the Range 20 to 150 keV*

Strength Distant Level (L),

l Function S;10* Parameter R;° (meV)

0 1.030 % 0.005 —0.1255 + 0.005 23.1+0.1
1.042 % 0.001 —0.1172 £ 0.002 | 22.65*0.1

1 1.700 = 0.01 +0.20 £ 0.03 21.1+0.2
1.893 = 0.002 | +0.1426 = 0.008 | 21.26 = 0.2
1.030 £ 0.05 —0.20 £ 0.03 =1,=0
1.187 £ 0.004 | —0.2519 % 0.02 22.65
1.700 £ 0.05 +0.20 £ 0.03 =10,=
1.490 £ 0.008 | +0.1480 = 0.03 21.26
Average spacing (low energy) Dy = 21.20 eV

*Before and after the fit (normal and bold, respectively).
Final uncertainties of fitted parameters do not include system-
atic uncertainties of experimental data and are strongly under-
estimated.

NUCLEAR SCIENCE AND ENGINEERING VOL. 156
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4. The value of average spacing Dy = 21.2 eV (for
“zero” neutron energy) is used in the present work and
is not fitted. This value renormalizes the level density
model at low energy. Note that this value is signifi-
cantly smaller than the Frohner determination Dy, =
23.0 eV (Ref. 1). The energy dependence of the mean
spacing for all values of [ and allowed spin J are de-
rived in SAMMY from the composite Gilbert-Cameron
formula renormalized to Dy.

5. It was necessary to give a very small uncertainty
(0.1 meV) to the average radiative widths I, to keep
realistic adjusted values. A larger uncertainty in the fit
leads to an unrealistic low value close to 20 meV. In
SAMMY, the energy dependence of the radiative widths
is based on the usual giant-dipole resonance model.

6. For inelastic scattering to the first 2" level at
45 keV, the direct contribution was included using the
optical model parameters and coupled channels calcula-
tions of Lopez-Jimenez et al.>* As shown in Fig. 6, at
150 keV the contribution of the direct inelastic is ~5%
of the total inelastic cross section.

The starting and fitted parameters are presented in
Table I'V. The experimental capture data of Kazakov and
Moxon are well reproduced by the present evaluation
(see Fig. 7). Quang et al.3* performed an absolute mea-
surement of the capture cross section at 23 keV. The
present value o, = 503 mb is in fairly good agreement
with the Quang et al. result o, = 491 = 11 mb.

1.5

0.5F

Inelastic cross section (barns)

0 50 100 150 200 250
Neutron Energy (keV)

Fig. 6. Comparison of various 2*8U inelastic experimen-
tal data (see the list in Table III) and the present calculation.
The dotted line is the contribution of the direct inelastic process.
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Fig. 7. Comparison of selected 233U capture data with
the present evaluation.

As previously noted, a discrepancy of ~2% is ob-
served between the total cross-section values derived from
the Harvey and the Poenitz data. The Harvey measure-
ments, displayed in Fig. 8, are considered to be more
accurate, and the Poenitz transmission data were conse-

Total cross section (barns)

Neutron Energy (keV)

Fig. 8. Comparison of 238U total cross-section experimen-
tal data (three samples) from Harvey et al. with the present
SAMMY fit.

NUCLEAR SCIENCE AND ENGINEERING

quently renormalized downward by ~2%. We note that
above 50 keV, the Poenitz data after renormalization
agrees with the Tsubone data'® (see Fig. 9).

With the present fitted parameters, the experimental
total inelastic cross section is fairly well reproduced up
to 150 keV, as displayed in Fig. 6. However, at higher
energy, experimental data are significantly underesti-
mated. Note that subthreshold fission is not studied in
this work.

Figure 10 shows the comparison of the present cap-
ture cross section with previous evaluations: Frohner,'!
Maslov et al.,’> Carlson,*® and Lopez-Jimenez et al.?3
adopted in JEFF3.1. The present capture values are very
close to the evaluation of Frohner. Figure 11 presents the
comparison of various total cross-section evaluations.
As previously explained, above 50 keV, the present total
cross-section values are slightly lower than Frohner and
previous works because of the inclusion of Harvey et al.
data in the experimental database.

In order to check the present average resonance pa-
rameters, total and capture cross sections, averaged over
2-keV energy bins, were computed between 10 and 20 keV
using on the one hand, the Reich-Moore formalism as-
sociated with resolved resonance parameters from Ref. 3
and on the other hand, the Hauser-Feschbach formalism
and the present average resonance parameters. As shown
in Table V, a reasonable agreement is obtained for total
cross section. The difference is mainly due to the fluctu-
ations of T, distributions in the 2-keV energy bins (each
bin contains about 100 resonances). Capture cross sec-
tion values calculated with resolved resonances are

® Poenitz et al. (not renormalized )
o Uttley et al.

o Tsubone et al.

Total cross section (barns)

9 . . . . . .
50 100 150 200 250 300 350

Neutron Energy (keV)

Fig. 9. Comparison of 233U total cross-section experimen-
tal data with the present SAMMY fit.
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Fig. 10. Comparison of 238U evaluated capture cross sec-
tions from previous works with the present SAMMY fit.

significantly lower from 5% between 10 and 12 keV, up
to 9% in the 19 to 20 keV region. This underestimation
might be explained by a significant proportion of miss-
ing resonances as well as multiplets in the set of resolved
resonance as pointed out in Sec. II.

Given the present experimental database, we esti-
mate the average capture cross section to be known within
a 4% accuracy at 20 keV and 10% at 150 keV. The total
cross-section uncertainties are estimated to be 3% at
20 keV and 5% at 150 keV. Inelastic data are not known
with better than 15% uncertainty. Because this evalua-
tion relies heavily on the Hauser-Feschbach parameter-
ization, a high correlation between average cross-section
values at two different energies is expected. Further work
is needed to assess rigorously the uncertainties and co-
variance matrices.

V. ENDF FORMATTING STRATEGY AND
REMAINING ISSUES

In the unresolved resonance range, nuclear data users
require not only the average cross-section values (tabu-
lated in File 3 of ENDF) but also the information on
average resonance parameters to compute some impor-
tant functionals of the cross section such as transmission
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Fig. 11. Comparison of 238U evaluated total cross sec-
tions from previous works with the present SAMMY fit.

(T)g, shielding factor (SF ), or self-indication ratios (S )
that are experimentally measured:

I _ (o)
() ={e™)g . (SF)g (Ve )e
<ein0-’0-'y>E
Shy, = ———— 6
(SI) o 6)

The bracket { )z denotes the average over the large num-
ber of resonances around the energy E and depends on
the temperature and the level of self-shielding, and ¢ is
the neutron flux that follows the Boltzmann equation. To
calculate these quantities, the ENDF recommends the
tabulation of the average resonance parameters versus
energy in File 2 as well as the degree of freedom of the
corresponding distributions (assuming standard y-square
distributions).

The ENDF-recommended formalism to get the cross
section from average resonance parameter is the single-
level Breit-Wigner formula averaged over a large num-
ber of resonances. This approach is slightly different
from the formalism explained in Sec. IV. Only neu-
tron, gamma, and fission channels are allowed. Inelastic
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TABLE V

Average Values of Capture and Total Cross Section Computed with the Resolved Resonance Parameters and
the Present Average Resonance Parameters*

Total Capture
Average Cross Section Average Cross Section Average Cross Section Average Cross Section
Energy Range from Resolved from Average from Resolved from Average
(keV) Resonance Parameters Resonance Parameters Resonance Parameters Resonance Parameters
10 to 12 14.905 15.402 0.6659 0.6989
12 to 14 15.581 15.066 0.6536 0.6504
14 to 16 15.079 14.799 0.5793 0.6111
16 to 18 15.479 14.579 0.5603 0.5781
18 to 20 14.166 14.393 0.5022 0.5498

*Resolved resonance parameters from Ref. 3.

and other channels are lumped into a so-called compet-
itive width, which is used only to calculate total widths
and should not be used to compute the corresponding
resonant cross section. It is not straightforward to con-
vert the values of average parameters S;, (I,), R,", and
D(I,J) used by SAMMY into average resonance param-
eters because of some differences between SAMMY
and ENDF formalisms:

1. The same scattering radius for all partial waves
must be used in ENDF instead of an /-dependent distant-
level parameter R;” permitted in SAMMY. Note also that
the partial waves [ > 2 are not allowed by the current
ENDF format.

2. The ENDF committee recommends also that the
WECEF is calculated with standard averages over the
x-square distribution. This formulation, used in current
processing codes such as NJOY (Ref. 37), makes the
treatment of temperature and self-shielding effect more
convenient with the formalism developed by Hwang.38
In SAMMY and the modern nuclear model codes, the
WECF can be calculated more accurately using either
the Moldauer prescription or an improved formula such
as the three-fold integral proposed by Verbaarschot et al.*

In the present work, the discrepancies between point-
wise cross sections generated by SAMMY and cross sec-
tions calculated by NJOY, using only average resonance
parameters, are small for the total cross section, <1%.
For capture, the discrepancies are small below the first
inelastic threshold (<0.7%) but increases at higher en-
ergies to reach ~4% at 140 keV. The traditional way to
circumvent these inconsistencies is to use the option
LSSF =1 allowed by the ENDF format that permits the
tabulation of the average resonance parameters in File 2
and the average cross-section values in File 3. The File 2
parameters are used only to calculate the shielded cross

NUCLEAR SCIENCE AND ENGINEERING

sections that are normalized with the infinite-dilution
values in File 3.

VI. CROSS-SECTION FLUCTUATIONS

One can notice that in the unresolved range, total
and capture experimental cross sections, averaged over
energy bins <1 keV, exhibit significant fluctuations be-
low 100 keV, which cannot be described by the statistical
model. For instance, the two capture measurements of
Macklin and de Saussure (after renormalization) show
the same structure pattern, and the peaks observed in the
total cross section measured by Harvey are clearly cor-
related with those observed in capture (see Fig. 12).

These fluctuations are explained by the fluctuations
of average partial-widths and level-spacing distribution
when the number of resonances in the averaging widths
is small (this is sometimes called Porter-Thomas fluctu-
ations). Theoretical estimates of the compound cross-
section formation variance have been studied.*'~*3 Note
that an intermediate structure (a nonstatistical effect
caused by the presence of special nuclear states like door-
way or hallway state) was suspected by Perez et al.**

One way to describe fluctuations in evaluated files
is to adjust locally the average neutron and gamma widths
to reproduce the main structures of the cross section.
However, current processing codes for the unresolved
resonance range would not be able to cope with this
description. Indeed, the analytic approach of Hwang or
the usual probability-tables method assumes that the dis-
tribution of reduced neutron widths follows a Porter-
Thomas distribution. Such a procedure, applied to cross
sections with explicit kilo-electron-volt structures, would
double-count the fluctuations. For these reasons, Porter-
Thomas fluctuations are not described in our evaluation.
To our knowledge, the influence of these structures on

VOL. 156 JULY 2007
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Fig. 12. Average 238U total cross-section data from Har-
vey et al. (lower figure) and comparison of de Saussure cap-
ture data (renormalized data as explained in the text) with the
Macklin data for 238U, which are arbitrarily renormalized (up-
per figure).

self-shielding factors and k,; of fast reactors is still
unknown.

VII. CONCLUSION

A new evaluation of the 23U cross sections in the
unresolved resonance range, from 20 to 150 keV, is
proposed. This evaluation is based on fits of carefully
selected measurements, with the statistical model of nu-
clear reactions of the SAMMY code. Compared to pre-
vious works, the present evaluation benefits from the
accurate transmission measurements of Harvey et al. up
to 100 keV and from a recent evaluation of resolved
resonance parameters. The resulting cross sections are
not significantly different from Frohner’s evaluation;
the main difference is a slightly lower total cross sec-
tion by 1 to 2% above 50 keV and a different choice of
nuclear parameters. This new evaluation has been for-
matted into an ENDF file (Files 2 and 3) and is avail-
able for integral testing. Some aspects of this work merit
further investigation:

1. The present ENDF format for average resonance
parameters is not fully consistent with modern nuclear
statistical models and needs to be revised.
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2. A more rigorous approach to get reliable covari-
ance and uncertainty information is needed.

3. Experimental data analyzed in the present work
give a good description of the Porter-Thomas fluctua-
tions of the average cross sections in the unresolved res-
onance range. These structures are not represented in the
present work.

4. Experimental validation using thick transmission
or self-indication ratio and thermal and fast-reactors
benchmarking is also needed.
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