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ABSTRACT

A brief description is given of the procedure used in the global evaluation of the
standards and other important cross sections for ENDF/B-VI. The standards
involved were Li(n,t), 1°B(n,a0), “B(n,a,), 7 Au(n,y), and #*U(n,f). Other standards
evaluated independently were H(n,p), *He(n,p), C(n,n). The other cross sections
involved were 2*U(n,v), 2*U(n,f), and *’Pu(n,f). The results of the evaluation are
compared with new or revised experimental data which have become available after
the completion of ENDF/B-VI. Overall good agreement is found, but a few
problems are indicated by the new data.
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I. Introduction

Measurements of neutron interaction cross sections have been carried out most
often relative to a few other neutron interaction cross sections, called standards,
which were assumed to be well known. The advantage of such a procedure is that
an absolute neutron fluence measurement is not required. The choice of these
reference or "standard” cross sections was mostly determined by practicality, e. g
smooth energy dependence and large size of the cross section were desirable; it
should be possible to easily implement the reaction in suitable detectors; etc. In
Table 1a the cross sections are listed which have been declared "standards" by one
committee or another since they are frequently used reference cross sections, Some
other reference cross sections and data which are occasionally used are listed in
Table 1b. The neutron spectrum of the spontaneously fissioning 2Cf is used as a
neutron spectrum standard. It is used for the calibration of neutron detectors which,
in turn, can be used for cross section measurements. The number of neutrons
emitted per fission (¥) of Z>Cf has been used as the standard for the measurements
of #(E) for fissile and fertile nuclei.

Absolute values of the standard cross sections have been measured involving in
most cases absolute neutron fluence determinations. An exception is the hydrogen
scattering cross section which can be determined as a total cross section in
transmission measurements and thus does not require absolute fluence
- measurements. As a consequence, this cross section is quite well known
(uncertainties of less than 0.5%). However, the angular distribution for neutron
scattering from hydrogen, which is used in some detectors for neutron fluence
measurements, is less well known. The detection efficiency for the recoil protons and
other aspects of the cross section measurement introduce additional uncertainties
with the result that cross sections measured relative to the hydrogen scattering cross
section display discrepancies similar to those which involved absolute neutron fluence
determinations. Discrepancies among absolute measurements of standard cross
sections were substantial (= a factor of 2) for older data. Figure 1, for example,
gives the impression that one is viewing a section of the Milky Way, however it shows
- the capture cross section data for gold which were available in 1966. The agreement
among different measurements of the standard cross sections has improved
substantially in the past 25 years, but some dlscrepancxes in the 5-10% range
persisted for a long t1me.

Evaluations of the exxstmg data prior to ENDF/ B-VI often were artistic in nature
instead of being based on scientific procedures. The evaluations generally involved
drawmg a curve through the existing data. Curves were drawn which emphasized
certain data sets which were perceived to be "better” than others, or because they
were the result of the most recent measurements. These evaluation procedures were
in part chosen in response to the poor data base. The evaluations up to version VI
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Fig. 1 Capture Cross Section Data of Au(n,y) Available
in 1966 (For References see Ref. 4)




were hierarchical, i.e., H(n,p) was chosen first, then °Li(n,t) was evaluated, then
°B(n,a), followed by #*U(n,f), and '"Au (n,y). There is no reason why a ratio
measurement, e.g., involving the ®Li(n,t) and 2*U(n,f) cross sections, should be used
to derive ®’U(n,f) cross sections instead of the other way around. A proper
evaluation should permit ratio measurements to have an impact on each of the
standard cross sections in the ratio. At the First Conference on Nuclear Data
Evaluation Methods and Procedures, held at Brookhaven National Laboratory in
September 1980, it was demonstrated that a simultaneous evaluation of interrelated
standard cross sections by generalized least-squares was feasible’. After development
of a formulation which permitted the inclusion of the R-matrix evaluations of the
light elements,® the Standards Subcommittee of the Cross Section Evaluation
- Working Group (CSEWG) decided to perform the evaluation of the standards and
other important cross sections for ENDF/B-VI using these objective evaluation
techniques. '

The data base which was available for the ENDF/B-VI evaluation has been
repeatedly discussed (for more recent examples see Refs. 7-11). Therefore, in the
following we will mainly consider data which have become available since the
ENDF/B-VI evaluation. Comparison with the evaluations will indicate possible
problems.

II. The ENDF/B-VI Evaluation

The global evaluation of the standards and other important cross sections for
ENDF/B-VI has been described previously.'*!* Therefore, only a brief account will
be given here. A schematic of the global approach is shown in Fig. 2. -

The evaluation process consisted of three major parts:

1. A simultaneous evaluation of 773 cross section and thermal pal.’amet.ers
using the generalized least-squares fitting code GMA (for Gauss, Markov,
Aitken).

2. R-matrix fits of the "Li and ''B systems using the R-matrix code EDA (for
Energy Dependent Analysis).

3. A procedure for combining the results from the parallel steps 1 and 2.

'The evaluation involved the °Li(n,t), ""B(n,a), “B(na,), 'TAu(n,y), #*U(n,f)
standards as parameters. Other reference data like the *He(n,p), C(n,n) cross
sections and the *2Cf-neutron spectrum were evaluated independently because they
have very few correlations with the data involved in the global approach. The H(n,p)
cross sections had been originally included as parameters of the simultaneous -
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evaluation®, however, adjustments of the H(n,p) cross section were felt to represent
the transfer of measurement errors and not cross section improvements. Therefore,
a prior R-matrix analysis of the H(n,p) cross section by Dodder and Hale® was used.
to convert all measurements relative to H(n,p) into absolute or shape cross section
data. Many data sets involve a normalization to thermal cross sections. Instead of
including the thermal cross section data base in the simultaneous evaluation, a recent
evaluation of the thermal parameters (cross sections, g-factors, 7), often called
thermal constants, of **U, U, ®*Pu and *'Pu by Axton" with the associated
covariance matrix was used as an input data set. The set of thermal parameters also
contains 7 of ¥2Cf which thereby became part of the global evaluation.

In addition to the standard cross sections, the scattering cross sections of °Li and
9B were used as parameters in order to utilize data of the total cross sections as an
additional constraint. The Z*U(n,f), ®*U(n,y) and *Pu(n,f) cross sections were
included in the simultaneous evaluation as parameters because many absolute cross
section measurements are available for them due to their technological importance.
These cross sections are also well interrelated with the standards due to ratio
measurements. An energy grid was defined for the simultaneous evaluation which
was the same for all cross sections. The parameters of the generalized least-squares
fit were the cross sections at those grid points. Additional parameters were the
thermal parameters mentioned above and the normalization constants of
experimental shape data sets. The experimental data used in the simultaneous
evaluation included absolute cross sections, cross section ratios and total cross
sections. Shape data (the unnormalized energy dependence) of cross sections and
- cross section ratios were also used. It can be shown that the fission cross sections of
#U(n,f) and *Pu(n,f) averaged over the neutron spectrum of the spontaneously
fissioning 2’Cf are insensitive to uncertainties of that spectrum. These data provide
valuable normalization information and have also been used.

The parameters of the R-matrix fit are the resonance parameters of the Li+n
and B +n systems. The unitarity requirement imposes a constraint on the reaction
channels. Theory describes not only the total and the integrated cross sections, but
differential cross sections, polarization and inverse reaction data as well, thus
experimental data for those have been used in the fits. The °Li and '°B data had to
be partitioned between the simultaneous evaluation and the R-matrix evaluation.
Because the R-matrix fits were made separately for the °Li+n and the '°B +n systems,
all ratio data and data strongly correlated with other measurements remained in the
GMA data base. Some data sets, which were originally in the GMA data base, were
transferred to the EDA data base in order to speed up the convergence of the
R-matrix fits.

The partitioning of the °Li and '°B data base left the simultaneous evaluation with
poorer data, therefore resulting in larger uncertainties for the °Li and °B cross
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sections from that analysis than that cbtained from the R-matrix results. As a

consequence, the simultaneous evaluation results had lesser weight in the — =

combination procedure for the SLi and '°B cross sections. This can be seen, for
example, for ®Li(n,t) in Fig. 3 which shows the ratio of the GMA result to the EDA

" result as well as the ratio of the (final) combination result to the EDA result.
Though the simultaneous evaluation resulted in ~12% higher cross sections around
2 MeV compared with the R-matrix solution, the combination procedure adjusted the
R-matrix result only by ~3% in this range. On the other hand, for cross sections like
33U(n,f), the R-matrix results have very little impact on the combination result for
energies above 1-2 MeV (see Fig. 4).

Data scarceness or inconsistencies at some energies introduce arbitrary
fluctuations of the pointwise cross sections where they are known to be smooth based
on the statistical-optical model. Therefore, as a final step of the evaluation process
some smoothing was done for the 'Au(n,y), ®*U(nf), 2*U(nf), ®*U(n,y) and
Pu(n,f) cross sections. The smoothing has been done by comparing the pointwise
data with theoretical calculations and attempting compensations of high and low
values in local regions. Figure S shows as an example the difference of the pointwise
combination result and the smoothed cross section of ' Au(n,y).

IIL ENDF/B-VI and New Experimental Data
m.1 The H(n,p), *He(n,p), and C(n,n) Cross Sections

The H(n,p) cross sections of ENDF/B-III through ENDF/B-V were based on an
analysis by Hopkins and Breit."” A charge independent R-matrix analysis of n-p and
p-p experimental data below 30 MeV by Dodder and Hale' was adopted for
ENDF/B-VI. Figure 6 shows the difference between the total cross sections of
ENDF/B-VI and ENDF/B-V together with some of the more accurate
measurements. The newest measurement by Priesmeyer et al.'® is ~0.24% lower
than ENDF/B-VIL. The largest difference between ENDF/B-VI and ENDF/B-V up
to 20 MeV is only ~0.5%. However, the center-of-mass system (CMS) scattering
cross sections at 180° differ by almost 2% near 11 MeV. This is significant because
the 180° CMS neutron angle corresponds to a 0° laboratory angle for the recoil
protons, which is frequently used in proton recoil detectors for neutron fluence
measurements. A recent measurement by Ryves and Kolkowski' resulted in a 180°
cross section at 14.5 MeV which is between the ENDF/B-V and ENDF/B-VI
evaluations. A ¢(180°)/¢(90°) ratio of 1.053 + 0.01S which also was measured in
this experiment is consistent with ENDF/B-V but not with ENDF/B-VI for which -
the value is 1.093 £ 0.010. ‘ - '

The *He(n,p) cross section is recognized as a standard up to 50 keV neutron
energy. The ENDF/B-VI evaluation led to a considerable-improvement in data
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CROSS SECTION RATIO TO R-MATRIX SOLUTION
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Fig. 3 The Combmatxon Result and the GMA Input Relative to the R-Matrix Input
of SLi(n,t)
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quality for this cross section since the last ENDF evaluation of this cross section was
- performed in 1968 for ENDF/B-III. That evaluanon was carried over intact to
versions IV and V of ENDF/B The ENDF/B-VI evaluation was an R-matrix
analysis done by Hale’ using all possible two body reactions in the “He system.
Measurements have been made of this cross section by Borzakov® from 0.26 to
142 keV neutron energy relative to the ‘Li(n,t) standard cross section. These
measurements are in excellent agreement with the ENDF/B-VI evaluation in the
standards energy region.

The natural carbon scattering cross section is used as a scattering standard up to
2 MeV. The evaluation for ENDF/B-V was based on an R-matrix analysis of '2C by
Fu®. The evaluation for ENDF/B-VI was modified in order to include two
resonances of PC (1.1% abundance) so that the evaluation would be appropriate for
natural carbon. New measurements by Schmiedmayer and Moxon® in the energy
region from 50 eV to 100 keV are in excellent agreement with the ENDF evaluation.
Also a filtered neutron beam measurement at 2 keV by Kirilyuk® is in very good
agreement with the evaluation.

1.2 The °Li(n,t) and '"B(n,«r) Cross Sections

The cross section data base for °Li and '°B has been reviewed recently in Refs.
9 and 10. New data for the °Li(n,t) cross section have not become available since the
evaluation for ENDF/B-VL. It had been the conclusion in Ref. 9 that the SLi(n,t)
cross section is reasonably well known but that substantial discrepancies exist for the
B cross sections. An NEANSC endorsed international inter-laboratory
collaboration group was formed in order to provide a mechanism fori 1mprovmg the
1°B(n,a) cross sections.

New measurements of the shape of the “B(n,a,) cross section have been made
by Schrack et al.? The data, normalized to ENDF/B-VI between 200 and 360 keV,
are shown in Fig. 7 compared with the ENDF/B-VI global evaluation result. With
the exception of the resonance at 500 keV, the agreement is very good up to 1 MeV
where the global evaluation for the °B cross sections ended. This agreement is
important because the ENDF/B-VI values for this cross section increased relative
 to ENDF/B-V by up to 20% between 400 keV and 1 MeV. Large differences occur
between the new measurement and ENDF/B-VI above 1.5 MeV (+15% around
2 MeV and —30% around 3 MeV).

A new measurement of the cross section ratio o(n,op)/o(n,e,) by Weston and
Todd* became available after the ENDF/B-VI evaluation had been concluded. The
data are shown and compared with ENDF/B-VI in Fig. 8. The discrepancy is
obvious. . However, including the new data in the evaluation would probably have
little effect on the outcome below 100 keV (because of the reasonable agreement)

12
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and above 400 keV (because of the large uncertainties of the new data). The
ENDF/B-VI evaluation of '°B(n,a,) was strongly influenced by the inverse reaction ~
cross section measurement of Olson and Kavanagh.®

The ratio of the ENDF/B-VI cross sections to those of ENDF/B-V for '*B(n,a),
the sum of the “B(n,a,) and '*B(n,q,) cross sections, is shown in Fig. 9. Also shown
are the adjustments made to group cross sections for '*B(n,a) which are required in
order to bring a large number of calculated fast reactor integral quantities into better
agreement with experiment.” ‘Control rod worth, small !B sample worth and Helium
production in Boron are the quantities most affected by the '“B(n,a) cross section
adjustment. It can be seen from Fig. 9 that the change from ENDF/B-V to
ENDF/B-VI will be beneficial for the calculation of these quantities and reduce the
C/E (for calculated vs. experiment) discrepancies.

m.3 The "Au(n,y) and **U(n,y) Cross Sections

New measurements of the '’ Au(n,y) cross section using calibrated photoneutron
sources” are shown in Fig. 10. These data are somewhat lower at 23 keV and
substantially higher (~20%) at 967 keV compared with ENDF/B-VI. Around
1 MeV the ENDF/B-VI evaluation agrees well with absolute measurements and
T Au(n,v)/#°U(n,f) data. A previous photoneuton source measurement®, however,
also resulted in a high value at 967 keV similar to that of the newest measurement.
Revised and new data by Davletshin et al? were measured relative to the H(np) -
cross section and are also shown in Fig. 10., together with new data by Kazakov et
al,® and some additional data by Davletshin et al? referenced to **U (n,f) of
ENDF/B-VI. The agreement with ENDF/B-VI overall is good, but there might be
a problem around the inelastic levels at 270 keV. Values by Demekhin et al*' and
by Voinier® above 2 MeV are higher than the evaluation.

33U(n,y) values were obtained with the same calibrated photoneutron sources™
used for the Au(n,y) measurements mentioned above. They are shown in Fig. 11
together with the result from the global evaluation. The agreement is quite good at
23 keV but the 967 keV value is again higher than ENDF/B-VI. Other recent
measurements by Kobayashi et a3 were made with Fe and Sc filtered beams, and
normalized at 24 keV to the ENDF/B-VI value. New measurements by Adamchuk
et al.* using a multiplicity detector as well as data by Buleeva et al* relative to
H(n,p) are also shown in Fig. 11. There is good agreement between these
measurements and the evaluation.

An evaluation of #*U in the unresolved resonance range was made by Froehner*
using an optical/statistical model code. The data utilized in the fit were total,
scattering (elastic and inelastic), capture cross sections, and strength functions from
the resolved resonance range. The result from this evaluation (JEF-2) is shown in

15
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Fig. 11. There is an astonishingly good agreement between the results from the two
different approaches. The unresolved resonance parameters from the work by
Froehner have been used for ENDF/B-VI, thus the ENDF/B-VI and JEF-2 files are
identical up to 148 keV.:

.4 The 2U(n,f) and ®*U(n,f) Cross Sections

A substantial number of new measurements have been made of the BU(n,f) cross
section since the evaluation for ENDF/B-VI was completed. Figures 12-14 show two
data sets which recently have been finalized or revised,”** but had been available
and used for the simultaneous evaluation with GMA, as well as several other new
data sets. The final data by Carison et al.”’ differ from the GMA input only by minor
amounts. However, the data from the Technical University of Dresden
(TUD)/Radium Institute of Leningrad (RIL) collaboration® have been changed by
amounts which very often exceed the original quoted uncertainties.® The revisions
were due to changes in the corrections for fission fragment absorption (FFA) and
new measurements of the areal densities of the fissile material. The initial
insufficient corrections for FFA were recognized prior to the GMA evaluation* and
additional corrections were made; however, not to the extent made for the final
values in Ref. 38. The revised values at 2.56, 4.45 and 14.7 MeV agree very well
with the ENDF/B-VI evaluation. New shape measurements by Carlson et al.*! and
by Lisowski et al.*? which are shown in Figs. 13 and 14, normalized around 14 MeV
to ENDF/B-VL, support higher cross sections than ENDF/B-VI above 15 MeV but
agree very well with ENDF/B-VI at all other energies, specifically around 8§ MeV.
Data by Buleeva et al.* were measured relative to the H(n,p) cross section and agree
reasonably with ENDF/B-VI (see Fig. 12).

Two more ®U(n,f) data sets which were not available for the GMA evaluation
are shown in Fig, 15. The data by Johnson et al.*® are correlated with the data by
Carlson et al.” because the same fission chamber was used. The agreement with
ENDF/B-VI is very good. The measurements by Iwasaki et a/. were made with a
recoil proton telescope for the determination of the neutron fluence. The cross
sections have total uncertainties of about 2.5%. The originally quoted values were
in very good agreement with the ENDF/B-VI 2’U(n,f) evaluation. However when
the data are converted using the ENDF/B-VI hydrogen cross sections instead of
ENDF/B-V, an increase of 1.7% occurs. An experimental check was made of the
telescope by determining fluence with the telescope using ENDF/B-V hydrogen cross
sections and comparing this with that obtained using the time-correlated associated-
particle technique. This agreement was within 1% with uncertainties of 2%. These
measurements suggest that the ENDF/B-VI hydrogen cross sections may be too high
at 14 MeV for a CMS scattering angle of 180 degrees; however the uncertainties
make this conclusion quite tentative.
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Figure 16 shows the revised value for the 2*U(n,f) cross section at 14.7 MeV as
well as some new data from the TUD/RIL collaboration.® The value at 14.7 MeV
has been changed by +5.2% compared with the value available for the GMA
evaluation, which is 3.7 times the uncertainty quoted in Ref. 39. Another new value
at 14.5 MeV obtained by Winkler et al.* is also shown in Fig. 16. In the latter
experiment the neutron fluence was obtained with the associated particle technique
as well as relative to the “Al(n,a) and *Fe(n,p) cross sections of the International
Reactor Dosimetry File — 90 with good agreement among the three values. The
B5J mass was based on alpha counting at four different laboratories. The new and
revised data shown in Fig. 16 apparently suggest a Z*U(n,f) cross section higher than
ENDF/B-VI ranging from ~2.5% around 5 MeV, ~4.2% around 14 MeV to ~5.6%
at 18-19 MeV. Absolute cross sections with low uncertainties which were available
for the GMA input data are compared with the result of the global evaluation in
Fig. 17. The data by Wu Jingxia et al.* would support a cross section ~2.5% higher
than ENDF/B-VI around 4.0 -5.5 MeV, though the values agree within the
uncertainties. However, what mostly determined the outcome for the Z*U(n,f)
evaluation was the large amount of data available from cross section ratio
measurements of Z*U(n,f) to #*U(n,f). A few of such ratio values are shown in
Fig. 18 as a difference to the result of the global evaluation. The value by
Meadows* would support a 14.7 MeV 2*U(n,f) cross section ~4% higher than
ENDF/B-VI. This value had been of some concern during the evaluation for
ENDF/B-VL* However, although it has a low uncertainty, it was "swamped" by ~ 15
other data sets which contradict it and agree well with ENDF/B-VI. Of specific
interest are the data by Behrens and Carlson® and by Difilippo et al.!. These data
extend over the whole energy range from threshold to 20 MeV, therefore they
transfer information available at lower energies from many other experiments to the
range shown in Fig. 18. Ratios of the revised to new data from the TUD/RIL
collaboration are nearly identical with the ENDF/B-VI ratio at 8.2 MeV and at
18.8 MeV, but are identical with the ratio measured by Meadows at 14.7 MeV.
Nothing can be seen in the available data sets which would explain a "local bump”
around 14—15 MeV. '

_ :A new measurement of the ®*U(n,f)/2°U(n,f) cross section ratio has been made
by Lisowski et al.*? These data are preliminary and extend to several hundred MeV,
the portion to 20 MeV is compared with ENDF/B-VI in Fig. 19. The agreement is
good, thus again questioning the new results shown in Fig. 16. Another measurement
of the ratio® is in agreement with or lower than the data by Difilippo et aL®'. Baba
et al.** made measurements of the ratio and mention that their data are ~3% higher
than Jendl-2 but that the accuracy is not as good as that of ather recent experiments.
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Iv. Summary and Conclusions

The evaluation of the standards and other important cross sections for ENDF/B-
VI was carried out in three distinct steps: A generalized least-squares fit of various
correlated cross section data, an R-matrix fit of the light element data, and a
combination procedure involving the results from the two prior steps. The results
from this global evaluation (ENDF/B-VT) stand up very well in the comparison with
new experimental data which have become available after the completion of
ENDF/B-VI. Specifically, the ®*U(n,f) appears to be well confirmed by numerous
measurements at all energies below 15 MeV. The same applies for the **U(n,y)
cross section over the energy range of the evaluation. It is interesting that the new

measurements confirm the low values of the evaluation, as most of the older data are
higher than ENDF/B-VIL.

A few possible problems are indicated by the new or revised data. The
differential H(n,p) cross section around 14 MeV which was not part of the global
evaluation is in conflict with new direct and indirect (via 2*U(n,f)) measurements.
A new measurement of the *B(n,a)/'B(n,a,) ratio is in conflict with the ENDF/B-
VI ratio above 100 keV, whereas a new shape measurement of '°B(n,ay) agrees very
well with ENDF/B-VI, and the sum of “B(na) + “B(n,a,) of the evaluation
reduces the C/E discrepancy observed for integral fast reactor quantities. The '°B
+ n data base appears still to be inconsistent. New and revised data suggest higher
cross sections for '?Au(n,y) below the inelastic cusp at ~ 270 keV by ~ 8% for a
limited energy range of ~ 70 keV. At all other energies the data confirm the
evaluation. Higher cross sections are suggested by new (preliminary) and revised
cross section data for 2*U(n,f) above 15 MeV where the evaluation was based on
discrepant data. The greatest problem is present in the Z*U(n,f) cross section for
which new data®* are 2-5% higher but new ratio data®* are inconclusive.

Most of the new data have uncertainties which are much larger than the
‘uncertainties of the evaluation result or are in fair agreement with the latter.
Therefore, inclusion of the new data would have only a minor impact on the
evaluation result. A possible exception is the #*U(n,f) cross section above 15 MeV.
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