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New Evaluation of ... U Neutron Resonance Parameters

Herve DERRIEN', Luiz C. LEAL and Nancy M. LARSON
Oak Ridge National Laboratory, Oak Ridge, 3 7831 TN, USA

The neutron resonance parameters of ... U were obtained in the energy range I keV to 20 keV
from a SAMMY Reich-Moore analysis of high resolution transmission measurements
per-formed at ORELA. In the energy range I keV to IO keV, the analysis used as prior values
the ENDF/B-V1 resonance parameters. The analysis in the energy range 10 keV to 20 keV
resulted in the creation of a set of resonance parameters for the representation of the cross
section in this energy range. The results are compared to the ENDFIB-VI evaluation. Some
statistical properties of the new resonance parameters are examined.
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1. Introduction 2. The experimental data and the method of
analysis

Inconsistencies in the resonance parameters and in
the measured capture cross sections of "'U have been The results of the ... U high resolution neutron
a longstanding problem. In order to solve the transmission experiments of J.A. Harvey et al. were
discrepancies, a task force was set up by the Nuclear published at the Mito (Japan) conference in 1988.1)
Energy Agency (OECD, Paris, France) in 1982. The The measurements were performed in the energy range
results of the task force were published in 1992 by M. I keV to I 0 keV on the 200-m flight path with sample
G. Sowerby; a set of resonance parameters was thicknesses of 0 1748,0.0396 and 001235 atoms/barn
obtained in the energy range from thermal to 10 keV of 31U, with a very low experimental background.
and adopted by the most important evaluated data Several neutron monitors allowed the determination of
libraries. More recently, it was found, from the analysis the normalization coefficient with an accuracy of about
of various thermal reactor benchmarks, that the 2U 0.5%; the systematic error on the normalized
capture cross sections could still be overestimated 2) a transmission was smaller than 1.
reexamination of the resonance parameters in the low The analysis of the experimental transmission data
energy range should be made. On the other hand, the was performed with the computer code SAMMV)
high resolution neutron transmissions measured by This code uses the Reich-Moore formalism for the
J.A. Harvey et al.3) at ORELA (Oak Ridge Electron calculation of the cross sections. The fit to the
Linear Accelerator) should allow the determination of experimental data, taking into account the experimental
the resonance parameters in the energy range 10 keV effects (Doppler and resolution broadening, self
to 20 keV, for a better accuracy in the calculation of shielding, multiple scattering, background and
the self shielding factors and of the average value of normalization corrections, etc.), is obtained by Bayes
the capture cross section. method. A parameter covariance matrix is generated.

The aim of this paper is to present the results of the Several sets of experimental data can be analyzed
resonance analysis of the Harvey transmission data in successively, the output covariance matrix of one
the energy range from I keV to 20 keV. In Section 2 sequence being used as input in the next sequence.
of this paper, a short description of the experimental The average spacing of the "'U s-wave neutron
data and of the method of analysis is given. The resonances is about 21 eV. The current ENDF/B-VI
results of the analysis are given in Section 3 Some resonance file contains 473 s-wave resonances and
statistical properties of the parameters of the energy I 29 p-wave resonances for the description of the cross
range 10 keV to 20 keV are examined in Section 4 sections in the energy range eV to IO keV. Most of

the p-wave resonances are not seen in the low energy
range of the experimental data, due to the small value
of the penetration factor; the parameters of those small
resonances could only be guessed from the Wigner
distribution of the level spacings and the Porter-
Thomas distribution of the reduced neutron widths.
About 20% of the p-wave resonances are missing in the
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ENDF/B-VI file. At higher energy more p-wave potential scattering cross section, 47rR", is found to be
resonances could be seen, and the number of constant over the energy range analyzed.
resonances needed for the representation of the A free gas model of the Doppler broadening with an
experimental data in the energy range 10 keV to 20 effective temperature of 300±5 K was used in the
keV should be larger. Moreover, at high energy the analysis of the transmission data. The experimental
contribution of the p-wave resonances to the capture resolution was approximated by a Gaussian function,
cross section increases rapidly and the identification of with an exponential tail to take into account the
most of these resonances becomes essential for an asymmetrical part due to the neutron moderator and to
accurate calculation of the capture cross section. the neutron detector. The parameter of the exponential

Because of the extremely large number of tail was adjusted to obtain the best fit of some isolated
resonances (and the consequent large amount of resonances or groups of resonances in the high energy
computer time required, especially for calculating part of the data.
multiple-scattering corrections for capture cross
sections), it was necessary to perforin the SAMMY 3. The results of the analysis
analysis in two separate pieces. In the energy range
from I keV to 10 keV the ENDF/B-VI parameters 3.1 The energy range from I keV to 10 keV
were used for starting values, and in the energy range The analysis of the Harvey transmission data was
from IO keV to 20 keV the priorvalues were obtained performed in the energy range I keV to I keV by
using the code RSAP.') The code RSAP creates a set using the ENDF/B-VI resonance parameters as prior
of parameters by searching the energies of the dips in values to SAMMY. In this energy range the ENDF/B-
the experimental transmission data and by attributing VI parameters were mainly obtained from analysis of
a neutron width value correlated to the area of the dips. the transmission data of Olsen et al.') by Sowerby )
The code is directly connected to SAMMY for a with the Harwell code REFIT." The data of Harvey
preliminary crude fit of the data. About 400 have better experimental resolution; hence better
resonances were identified by RSAP in the energy accuracy was obtained in the present work for the
range 10 keV to 20 kV, corresponding to the largest resonance parameters in the energy range above keV.
s-wave resonances and to some large p-wave The neutron widths of the two ENDF/B-VI fictitious
resonances. Small resonances were identified by eye resonances at 4400 eV and 14484 eV were readjusted
observation of the graphs of the thick sample at 129.35 keV and 204.36 keV, respectively, compared
transmission, and added to the RSAP set. to 108.55 keV and 196.83 keV in ENDF/B-V1, with an

Results of capture cross section measurements with effective scattering radius of 9.45 frn. This adjustment
experimental resolution comparable to the Harvey allowed the agreement between the calculated and the
transmission resolution were not available in the experimental average transmission to be within the 1%
energy range 10 keV to 20 keV. The data of de experimental accuracy. The values of the total and
Saussure et al.,') taken at ORELA in 1973 on a 40 m capture cross section at 00253 eV obtained with the
flight path, show fluctuations corresponding to new resonance parameters were 938 b and 269 b,
unresolved clusters of resonances in the high energy respectively, compared to 936 b and 272 b in
range. Nevertheless, the effective capture cross ENDF/B-V1. The thermal values were adjusted by
sections calculated by SAMMY with the resonance modifying the parameters of an additional fictitious
parameters obtained by fitting the Harvey transmission resonance at 7 eV.
could be compared to the de Saussure experimental The average values of the capture and elastic cross
data; from this comparison, a significant number of sections calculated from the present evaluation are
small p-wave resonances, not seen in the transmission compared to the ENDF/B-VI values in Table 1, in the
data, could be taken into account. energy range I keV to 10 kV. On the average, the

Because there are strong potential resonant capture cross section is 38% larger and the elastic
interference effects in even-even nuclei [analogous to cross section is 28% larger than the ENDF/B-VI
the X/ I +X2) function in the single level Breit-Wigner values.
formalism], the contribution of remote resonances is
important in the total cross section of 21U . Therefore
it is necessary to include in the R-matrix. calculation
not only those resonances lying within the energy
range currently being analyzed, but also the
contribution from resonances outside that energy range
(the external" resonances). A judicious choice of a
few fictitious external resonances provides a good
approximation to that contribution. Several methods
are available for the determination of the parameters of
these external resonances.',') A good set of fictitious
external resonances is obtained if the effective
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Table I Average 238 U neutron cross sections in the 10' -
energy range I keV to IO keV;

(a) ENDF/B-VI, (b) present evaluation. 0 103

Energy
Range Capture b Elastic b 102 - \,A,

keV (a) (b) (a) (b)
1 2 1 . 87 1 . 94 2 1 . 68 22 25 IO,
2- 3 1.36 1.41 21.57 22.12
3- 4 1.15 1.20 19.82 20.36
4- 5 0.88 0.89 14.79 15.03
5- 6 0.90 0 90 14.20 14 3 no13.5 13.6 13.7 '�.8 I3.9 14.0
6- 7 0.87 0.88 6 6 6 6 3 7 Energy I�v
7- 8 0.68 0.74 13.79 14.07
8- 9 0.63 0.65 15.03 15.71
9-10 0.65 0.71 3 7 13.89 Fig.1 The MU effective total cross section in
1 1 0 1 . 0 0 1 4 6 7 3 7 . 2 the neutron energy range 13.5 keV to 14.0

keV. The upper, middle and lower curves
represent the thin sample (multiplied by I 0),
the medium sample (multiplied by 10), and
the thick sample data, respectively. The

3.2 The energy range from 10 keV to 20 keV points are the experimental data. The solid
In this energy range, the cross sections were lines represent the data calculated by

calculated by using 457 s-wave resonances and 1228 p- SAMMY from the resonance parameters.
wave resonances obtained from the SAMMY fit of the
Harvey experimental transmission and by comparison
with the shape of the de Saussure effective capture
cross sections.

The largest resonances in the energy range from 99
keV to 10.0 keV and in the energy range from 20.0 1 4. . . . . . . .

keV to 20.1 keV were added to the resonance data set
in order to reproduce the shape of the cross sections 0,
just above 10 keV and just below 20 keV. The
contribution of the other external resonances was
obtained by fictitious large resonances below IO keV -,. lo'
(at 250, 650 and 901 keV) and above 20 keV (at
20.10,23.50 and 27.50); the parameters of these
resonan .0

ces, whose prior values were obtained with the
method of Ref.8, were adjusted by SAMMY and
allowed the calculation of the average transmission to lool . . . . . . . .
be in I% agreement with the experimental values, over 19.5 19.6 1 V. 19.8 19.9 20.0

the entire energy range. Examples of the SAMMY fits Energy cev
of the experimental effective total cross section are

given in Fig. and Fig.2. The calculated effective Fig.2 The 21% effective total cross section in
capture cross sections are compared to the de Saussure the energy range 19.5 keV to 20.0 keV. The
experimental data in the selected energy range 14 keV upper, middle and lower curves represent the
to 15 keV in Fig.3. The calculated average capture and thin sample (multiplied by 100), the medium
elastic cross sections are compared to the ENDF/B-VI sample (multiplied by 10), and the thick
values in Table 2 On the average, the capture cross sample data, respectively. The points are the
section is 07% larger and the elastic cross section is experimental data. The solid lines represent
3.1% larger than the corresponding ENDF/B-VI the data calculated by SAMMY from the
values.

resonance parameters.
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Table 2 Average ... U capture cross sections in the
101 energy range 10 kV to 20 keV;

(a) ENDF/B-VI, (b) present evaluation

2

Energy
Range Capture b Elastic b10' I A keV (a) (b) (a) (b)

�AO 10-11 0 71 0. 68 4 67 4 72
11-12 0. 68 0. 65 4 3 13 91
12-13 0.66 0.65 14.40 15.32
13-14 0.64 0.72 14.29 14.56
14-15 0.62 0.62 14.18 15,54

14.0 14.2 14.4 14.6 14.8 15.0 1 5 1 0. 60 0 . 5 8 4 9 4 60
Energy ,eV 1 6- 7 0. 5 8 0. 5 8 4 0 1 3 7 9

17-18 0.57 0.58 13.93 16.25
18-19 0.55 0.53 13.86 14.57

Fig. 3 The 2U effective capture cross 1 9 2 0 . 54 0 . 52 3 7 9 12 91

section in the neutron energy range from 14 10-20 0 . 1 . 1 4 1 4 62

keV to 15 keV. The eror bars represent the

experimental data of de Saussure et al. The According to the 2J+l law ofthe level density spin
solid line represents the results ofa SAMMY
calculation using the resonance parameters. dependence, the number of J 12 p-wave resonances

should be roughly the same as the number of the s-

wave resonances and the number of J=3/2 p-wave

resonances should be twice this number. Aside from

4. Statisticalpropertiesofresonanceparametersin this rule, spin assignments were made quite arbitrarily

the energy range 10 keV to 20 keV because the shape of the transmission data is not

sensitive to the spin assignment of the p-wave

4.1 The number of resonances and the spin resonances. However, in some cases the area ofthe p-

Th:ssignments wave resonances in the capture cross sections could

average level spacing of the mixed s-wave and depend strongly on the spin assignment; a small

p-wave resonances should be about 53 eV, if one number of spin assignments could be made using this

assumes that the average level spacing of the s-wave property from the de Saussure capture data in the

resonances is 21 eV. Ideally, the calculation of the energy range 10 keV to 20 keV. The final set of

cross section in an energy interval of 10 keV should resonances obtained in the present evaluation contains

use about 470 s-wave resonances and about 1400 p- 457 s-wave resonances, 403 p (J=1/2) resonances and

wave resonances. Below 10 keV there are 473 s-wave 825 p (J=3/2) resonances; this choice, while not

and 1129 p-wave resonances in the ENDF/B-VI unique, is consistent with the (2J+1) dependence.

evaluation; the 20% missing p-wave resonances are

small resonances not seen in the experimental

transmission data, nor in the experimental capture data, 4.2 The level spacing distribution

and have no effect on the accuracy of the calculated The distribution of the s-wave resonance spacings

cross sections. The set of resonances obtained in the in the energy range 10 keV to 20 keV is compared to

present evaluation in the energy range 10 keV to the Wigner distribution in Fig. 4 showing good

20 keV contains 457 s-wave and 1228 p-wave agreement between the experimental data (histogram)

resonances; 35% ofthe s-wave resonances and 14% of and the theoretical distribution (solid line). Figure 

the p-wave resonances could be missing; but those shows the spacing distribution corresponding to the

missing resonances are also small and have no effect mixed families of the p-wave resonances; the solid line

on the accuracy of the calculated cross sections. represents the superposition of two uncorrelated

The ... U resonances have spin and parity J=1/2' Wigner distributions in the ratio of the population of

for the s-waves and J= 1/2- or J=3/2- for the p-waves. the two spin states. The agreement between the

The identification of the largest s-wave resonances is experimental and the theoretical distribution is

possible from the asymmetry due to the potential- particularly good.

resonant interference effect. All of the resonances

which cannot be identified as s-wave resonances from

their shape had to be distributed among 3 families:

small s-wave resonances, 1/2- p-wave resonances and

3/2- p-wave resonances.
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Fig. 4 The distribution of the s-wavc level Fig. The distribution of the p-wave level
spacings in the energy range 10 keV to 20 spacings in the energy range 10 keV to 20
keV. The histogram represents the keV. The histogram is the experimental
experimental distribution. The solid line is the distribution. The solid line is the sum of two
Wigner distribution. uncorrelated Wigner distribution in the ratio

of the population of the two p-wave states.

4.3 The neutron strength functions and the
distribution of the neutron widths

The neutron strength function of angular The differential distributions of the reduced neutron
momentum I is usually calculated with the following widths gV. of the energy interval IO keV to 20 keV are
relation: compared with the Porter-Thomas distribution in Fig.6

Si 1/(21 1/ AE) YgF,, and Fig.7 for the s-waves and the p-waves,
respectively. The agreement between the experimental

where is the reduced neutron width of a resonance and the theoretical distribution of the s-wave values
of angular momentum The symbol means that all shows that the s-wave resonance set is nearly complete.
the reduced neutron widths are summed in the interval The distribution of the p-wave values shows a lack of
of energy AE. The reduced neutron widths for 10 (s small values, as expected.
waves) and for I =1 (p waves) are calculated with the
relations:

I,% = r. /E 112

r',= (r�E`2) (I +P) 0.4 

P= I k2a2and a 13 5A 1/3

where a is the nuclear radius, A the atomic mass, and 0.3

k the neutron wave number.
The s-wave and p-wave strength functions

calculated with the resonance parameters of the energy O.Z
interval 10 keV to 20 keV are, respectively:

S, = (L 120 ± 0074) x IO' 0.1
S = 1.693 ± 0068) x IO-

The values calculated from the ENDF/B-VI resonance
parameters in the energy range eV to I keV are
(0.947 ± 007) x IO' and 1.577 ± 006) x IO' for S, 1 2 3 4

and S, respectively. Our value of S, in the IO kV to x-W1dth/AvCraee dth

20 keV interval is significantly larger than the

ENDF/B-VI value. The difference could be due to the Fig. 6 The differential distribution of the
uncertainties in the resonance spin assignments; a reduced nutron widths of the s-wave
significant number of p-wave resonances could be mis- resonances in the energy range 10 keV to
assigned s-waves. These values for S, and can be 20 kcV. The histogram represents the
compared with results from an as-yet unpublished experimental distribution. The solid line is
statistical model fit of the average total cross section in the corresponding Porter-Thomas
the energy range 10 keV to 100 keV, in which the distribution.
authors of this paper obtained values of
S,=(1.077±0.016 x 104 and S,=(1.846±0.03 1) x 10-4.
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