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INTRODUCTION

The intent of this report is to provide a description of the effort undentaken in the period from
August to December 1995 in continuation of the reevaluation of the **U cross sections in the
resalved energy range to address criticality safety problems. The various tasks accomplished are

described; included are the following: An excellent representation has been obtained for the high

resolution transmission {or total cross section), fission cross section, and capture ¢ross section data,
with a single set of resonance parameters coverning the eéergy range from O to 2230 eV, In addition
10 the analysis of the differential data, extensive integral éa%a tests have been performed to insure that
the resonance parameters properly reproduce integral quazistities, especially in the intermediate energy
range which is of concern to criticality safety applications. Calculated and measured quantities show
excellent agreement. ‘

As part of the evaluation procedure, a preliminary version of the U resonance parameter
set was distributed to members of the Data Testing Cémmiﬁee of the Cross Section Evaluation
Working Group (CSEWG). Several of those members processed the data and provided input and
suggestions which were examined for inclusion in the ﬁaai adjustment. After several iterations the

2% evaluation was completed.

GENERAL DESCRIPTIONS

Parametric representation of neutron cross sections in the resonance range is the approach
that best provides a way to characterize the resonance ef?’ects and the detailed structure of the cross
sections in the resolved energy region. To oblain a ?singie set of resonance parameters which
represents all the cross section components of a given iscziiope in a given energy range, the evaluator

must analyze different types of experimental data. The resonance parameters obtained in the



differential analyses are used to provide cross section “data” for various neutronic applications {which
include reactor analysis and design as well as criticality safety calculations). Results of caleulations
performed in the study of these nuclear systems are in general based on averaging the cross section
data over the energy spectrum characteristic of the syste}n under consideration. In addition to the
differential data analysis, integral tests must be performed to assess whether the differential data are
adequate for integral calculations. This report describes thé differential and integral evaluation of the
BHT cross sections in the resolved energy range from O 1o 2250 eV, with a goal of resolving the
capture-to-fission ratio which is of importance o the c:riiica}ity safiety problem. Results of this
evaluation are expected to greatly improve predictability ;of the criticality safety margin for nuclear

systems in which Z*U is present.

DIFFERENTIAL DATA EVALUATION
DATA SELECTION

To evaluate the 7°U cross sections in the cm:rg%j range from 0 to 2250 eV, several high-
resolution data sets were analyzed with the computer code SA\&M‘;’ SAMMY is 2 rudtilevel multi-
channel R-matrix resonance analysis program based o;'z the Bayes approach; the Reich-Moore
formalism’ was used for cross sgction generation. New féa’mres in SAMMY, such as its availability
on an IBM/RISCE000 workstation, have proven invaluable in permitting use of a large number of
resomance levels; thus the eleven disjoint resonance parameter sets in the current ENDF evaluation
have now been replaced by one single set of parameters.

Various measurements were sxamined for inclusion in the evaluation of the U cross
sections, the selected measurerments are shown in Table 1 The low energy data of Wagemans® were
used to determine the cross section at thermal {0.0233 e"v’};? these data sets include capture and fssion
cross sections as well as ¢ta data (defined as n =v o,/ ég}. Below 1 eV the transmission data of
Spencer’ were used to determine both the shape of the téta& cross section and the value of the total

cross section at thermal energy. Because of poor resolution at high energies the fission cross section




data of Gwin® and Schrack® were used only below 20 eV Three transmission data sets of Harvey'
were used from 0.4 eV to 2250 eV to determine the s?zaéa of the total cross section; because they
were high resolution, these transmission data were carefully anaiywﬁ with SAMMY to obtain the best
fit o the total cross section. Two fission cross section éaéa sets of Weston ? taken at two different
flight paths, were utilized to determine the shape of the ﬁssi%m cross section from 14 eV 10 2250 eV,
To determine the shape of the capture cross section two sets of experimental data were used, data
of de Saussure” and data of Perez. ™ The de Saussure data were used in the entire energy range (10
2250 eV) whereas the Perez data were used oaly below 2@5* eV {above this energy the data are given
as averaged cross sections}. Previous BN avalustions used the capture cross section data of de
Saussure in the analyses only below 50 eV, in the pmse;at evaluation the higher-energy daia have
been found to be important in addressing the capture-to-fission ratio problem.

To obtain a set of resonance parameters that simulianeously fits several experimental data
sets, in a typical SAMMY run the data are entered seq{sen{iaﬁy in arbitrary order. The resonance
parameters obtained from the final run in the sequence qwa a reasonable it for all data entered into
the mun. Convergence is achieved when the 1t of eaéi} run is decreased. In general the high-
resolution data analyzed in the sequence (8.8, the transmiéssian data of Harvey) serve as a reference
with which the remaining data should be consistent. '{'ﬁe capture cross section data of Perer was
found to be consistent with the other data. However, ihé capture Cross section data of de Saussure

needed to be renormalized in order to be consistent with the others.

RESULTS OF THE DIFFERENTIAL ANALYSIS

General Comments

Neutron cross sections in the energy range fom 0 1o 2250 ¢V are represented by a single set
of resonance parameters containing 3167 energy levels. There are fourteen bound levels which

simulate the negative energy levels, these levels determine the shape of the cross section at low

energy and describe also the effect of the potential cross section, Above 2230 eV fourteen energy
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levels were added to simulate the contribution from all higher-energy resonances. Together these
twenty-eight levels give a good representation of the pata;zziai gross section in the energy range 0 1o
2250 eV. '

In the current U evaluation in ENDF/B-VI 3 different scattering radins is given for each
of eleven disioint sets of resonance parameters, however, in the present evatuation one single radius
15 used for the entire energy range. {This is mors 'physicaﬁy sound since R-matrix theory permits the
scattering radius to vary with spin and parity but not with energy.} The scattering radu were
determined by having SAMMY fit the Harvey transmission data, varying the radi, in twelve energy
vanges from 22 eV to 1700 eV, the average radius ébtainfzd {9.602::0.050 F) was then used

throughout the rest of the analysis.
Data Fitting for Energy E < 100 ¢V

The first several figures Hlustrate the excellent agreément between the cross section caleulated
with the evaluated U resonance parameters and the e’éperimemai data. Solid lines represent the
calculated results whereas either vertical lines or symboisére;}resem the experimental data. Figure 1
shows the caleulated 1y compared with measurements peréfomed in the Central Bureau for Nuclear
Measurements Electron Accelerator of Geel (Beigium}”; and at the Institut Laus-Langevin reactor
(ILL} at Grenoble.® MNote that the shape of 1 3grfze§ well with experiment; this agreement is
important since it impacts caleulation of the Doppler cosisﬁicient of reactivity in thermal reactors ™
Figure 2 shows comparisons of theoretical and experiméma} fission and total cross sections in the
energy range from 0.001 eV to 1.0 eV, for clanty some of the data were shifted upward as indicated
in the figure. The data shown in Fig. 2 are fission cross séeciioﬁ data of Wagemans, Gwin, Schrack,
and the total cross section data of Spencer. As can be s%:«en, the theoretical caloulations reproduce
the data very well at these low energies. In Fgures 3, 4, amj 3, the high-resolution transmission data
of Harvey are shown up 1o 100 V| the two trzmsmissioz{ data sets (thucknesses 0.0326% atom/bam
and 0.002333 atom/barn} taken at the 80-m flight paﬁ} station were displaced by 0.5 and 0.75
respectively. Figures 6, 7, and 8 show the comparison of‘:};e calcudated fission cross section with data
of Perez, de Saussure, Owin, Schrack, and Weston {18 m flight path} up to 100.0 eV, The Weston




data are those taken at the 18-m flight path station. Figures 8, 10, and 11 show the theoretical

capture cross section compared with the experimental data of Perez and de Saussure below 100.0 eV,
Data Fitting for Energies between 100 eV and 2250 eV

From 100 eV 10 2250 eV the transmission data of Harvey taken at the 80-m flight path station
were used to determine the total cross section. The ﬁséion data of Weston at the 18-m flight path
were used up to 2230 ¢V, unfortunately the high resolution fission data of Weston at the 80-m flight
path were not available above2000 gV, The capture éata of Perez were used up to 200 gV, the
capture data of de Saussure were utihized up to 2230 eV. Figure 12 shows compansons of
calcudation and measurement of the total cross section, in the energy range from 100 eV to 200 eV,
{Experimental total cross secuons were derived from the transmission data assuming the sample
thickness 0.03269 atoms/barn ) Alsa shown in Fig. 22 are the fission cross section of Weston for
two flight paths (18 m and 86 m), the fission data of i’erex, and the fission data of de Saussure.
Comparisons of theoretical vs. experimental capture crass section data of Perez and de Saussure in
the energy range 100 eV and 200 eV are shown in Fig. é§3\

Figures 14 to 21 show comparisons of calculated vs. measured total cross sections of Harvey,
two fission data sets of Weston, and capture data of de Saussure, in the energy range from 200 eV
10 2000 ¢V Figure 22 shows comparisons of the total cross section data of Harvey and the fission

data of Weston for measurements on the 15-m flight path As indicated in the plot, the data were

displaced for clarity.

INTEGRAL TESTS

To evaluate the ability of the resonance parameters to generate pointwise and groupwise data
for applications in integral calculations, several calculations were performed for a variety of
benchmark systems with distinct characteristic snergy-dependent neutron spectra. The set of

resonance parameters in this evaluation impacts primarily systems with neutron spectra in the




mtermediate energy range which are important for {:fiti(:&i?i}i safety applications. The new evaluation
addresses the capture-to-fission ratio in regard 1o the g{&diaﬁt&é}iii’iﬁf of criticality safety margins for
systems with intermediate energy spectrs. The caimiaiioné of the effective multiplication factors, k4,
for various benchimark systems are presented in Table 2. 'i”xva other results are also included in Table
2, those being the caloulations corresponding to the =% evaluation in the ENDF/B-V library and the
present ENDF/B-VI release 3 P evaluation. The ﬁm five benchmarks are the ORNL thermal
critical solution spheres, namely ORNL-1, -2, -3, -4, anéédﬁ. These are unreflected spheres of U
as uranyl nitrate and HLO solutions. The L-series are beaaéhmarks similar to the ORNL series except
that they include both reflected and unreflected spheres of 70 as uranyl fluoride and }1,0 solutions.
The BAPL-1, -2, and -3 benchmarks are 1.3 wt%% e:nris:héd uranum-oxide rods in a triangular-pitch
lattice. The HISS(HUG), UH3-UR, and UH3-NI assemblies are intermediate spectrum benchmarks.

These benchmarks are very tmportant for eriticality safeiy applications.

Companisons of calculations for the thermal {)RN? spheres, L-series, and BAPL benchmarks,
for the present “*U evaluation and the evaluation in the ;E%NDF:’B«VI release 3, show practically no
change in the calculated k » when compared with the rek%ase 3 evaluation. However, results for the
three intermediate spectrum benchmarks, HISS(HUG), UﬁéB-b’R, and UH3-NI, are greatly improved
refative to the earlier versions of ENDIF/B. This change zs significant with regard to fiasile material
storage and transportation applications. '

The capture-to-fission ratio has also been addresseé in the present ®°U evaluation. The fission
resonance integral and the capiure resonance mtegral éa}-:uiaieé with the present evaluation are

27565 barns and 140.35 barns, respectively, which lead to resonance o {vapture-to-fission ratio} of

3.5092 compared to 0.51320.0135 obtained from inmgra}é measurements.’”
SUMMARY

All available ™°U differential data below 2230 eV have been incorporated into a complete
resonance parameter analysis, vielding a single set of resonance parameters; this one set provides
reasouable agreement with experiment in all cases. These resonance parameters were then used for

calculations of integral quantities, and comparisons made with integral measurements. A few minor



sdjustments were then made to the resonance parameters to improve the fit to integral data without
degrading the fit to the differential data. The resulting resonance parameter set gives consistently

good agreement with both the differential and the imag,r%ai measurements,
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Reference

Enecrgy Range {ﬁ‘«}

Diata

Wagemans (Geel/ 1988}

Spencer {ORNL/1984)

Grwin (ORNL/1984)

Schrack {(RPI1988}

Harvey (ORNL/1984)

Harvey {ORNL/1986)

Weston (ORNL/1984}
Weston {ORNL/1992}
de Saussure (RPV/1967)
Perez (ORNL/1972)
Wartena {Geel/1987)
Weigmann (ILL/1990}

0011004

001t010
0.01 10200

002 10 20.0

0.410 68.0

401022500

14.010 2258.{§

100.0 ta 2000.0
0.01 10 225300
(.01 1o EOG.{%
0001810 3.6

0001510015

Fisstionat 8§ m

Transnussion at 18 m. Sample

of 0.001468 atomvbara.
Fissiongt 256 m
Fission 84 m

Transmission at 18 m. Sample
cooled to 97 K. Sample of
(.03269 atom/barn.

Transmission at 80 m.
Sample cocled to 97 K.
Samples of 8002335
atomvbarn and 0.03258
atom/bam

Fission at 189 m
Fission at 86.5 m
Capture at 2545 m
Capture at 39.7
11, Eta

7, Bta

Table 1. Data used in the Z°U cross section evaluation




ENDF/B-VL3

NEW

BENCHMARK ENDF/B-Y EVALUATION
ORNL-1 1.0007 | 1.9974 0.9972
ORNL-2 10003 - 09972 0.8970
ORNL-3 09975 . 0.9%43 {.9940
ORNL-4 0.9989 09958 $.9955

ORNL-10 0.99%3 | 04,9971 0.9976
17 1.0082 1.0006 1.0003
{8 100338 1.0050 1.0046
L-9 1.0052 10020 1.0017

1-10 1.0062 0.5986 0.9981
-1 1.0035 0.9997 $.9995
BAPL-1 .9947 0.9975 0.9970
BAPL-Z $.9965 0.9976 4.9971
BAPL-3 0.9987 0.9983 0.9979
HISS(HUG) 1.0254 10133 1.0083
UH3-UR 1.0121 1.0102 1.0057
UH3-N] 1.0228 10176 10130

Table 2. ORML kg Cgicuiaiians
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