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NUCLEAR DATA AND MEASUREMENTS SERIES

The Nuclear Data and Measurements Series presents results of studies
in the field of microscopic nuclear data. The primary objective is the
dissemination of information in the comprehensive form required for nuclear
technology applications. This Series 1s devoted to: a) measured microscopic
nuclear parameters, b} experimental techniques and facilities employed in
measurements, c) the analysis, correlation and interpretation of nuclear
data, and d) the evaluation of nuclear data. Contributions te this Series
are reviewed to assure technical competence and, unless otherwise stated,
the contents can be formally referenced. This Series does not supplant
formal journal publication but it does provide the more extensive informa-—
tion required for technological applications (e.g., tabulated numerical data)
in a timely manner.
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ENERGY-DIFFERENTIAL CROSS SECTION MEASUREMENT FOR THE
>ly(n,a)*85c REACTION®

by
Ikuo Kanno**, James W. Meadows and Donald L. Smith

Applied Physics Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, Illinois 60439

Usa

ABSTRACT

The activation method was used to measure cross sections for the

51V(n «)*85c reaction in the threshold region, from 5.515 MeV up to 9.567
MeV. Twenty approximately-monoenergetic cross section values were obtained
in this experiment. These data points span the energy region at roughly
equal intervals. The experimental resolutions were in the range 0.153 to
0.233 MeV (FWHM). The present differential data cover ~ 50% of the total
integral response of this reaction for the standard 43°y thermal-neutron—

gra sp 5 c
induced-fission neutron spectrum, and ~ 44% of the corresponding response
for the standard 252 Cf spontaneous-fission neutron spectrum. Over the range
7.6 to 9.5 MeV the present experimental cross sections are noticeably larger
(e.g., by ~ 50% at ~ 8.6 MeV) than the corresponding values from the ENDF/B-V
evaluation. From ~ 6.7-7.5 MeV, the present values are somewhat below those
of ENDF/B-V. At still lower energies the agreement is reasonably good
considering the uncertainties introduced by energy scale definition very
near the effective threshold where the cross section varies rapidly with
neutron energy. Calculated integral cross sections based in part on the
present work agree reasonably well within errors with reported integral
results, provided that the reported data are renormalized to conform with
recently-accepted values for appropriate standard reactions.

*This work supported by the U. S. Department of Energy.

**Exchange Associate. Permanent address: Research Reactor Institute,
Kyoto University, Kumatori~Cho, Sennan-Gun, Osaka 590-04, Japan.
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I. INTRODUCTION

We eunrveyad CINDA {1} and noted s rcamplote sheance nf repartod
differential cross section data for >!V(n,p)3iTi and °!V{(n,a)*9Sc below ~ 10
MeV. Since 9!V is the dominant isotope (99.750% abundance) of elemental
vanadium {2], the absence of such data has serious lmplications for the
development of reliable evaluated neutron cross section files for vanadium.
Two major evaluations (ENDF/B-V, U.S.A. [3] and JENDL-2, Japan [4]) were
recently generated for vanadium (n,p) and (n,a) without experimental guidance
in the threshold regions. These cross section evaluations employed model
calculations which extrapolated to threshold from the available higher—energy
experimental results. It is well known that such extrapelations produce
results of dubious reliability, owing to uncertainties stemming from imperfect
understanding of the reaction mechanisms, model limitations, and the rudimen-—
tary status of knowledge of important model parameters such as level den-
sities [5}j. The (nr,p) and (n,a) reactions for vanadium are of importance
for nuclear-energy applications, so there are several requests for measure-
ments {e.g., Refs. 6 and 7). The primary concern involves material damage
occuring in vanadium—~bearing structures of reactors when they experience
high fluences of fast neutrons. Neutron-radiation-induced hydrogen and
helium production has been related to phenomena such as embrittlement and
swelling of the afflicted structures (e.g., Ref. 8). While it is unrealistic
to anticipate that (n,p) and (n,a) cross sections will be comprehensively
measured for all the elements, over wide energy ranges, in the forseable
future, there is clearly a need to establish a larger and more reliable data
base than now exists, especially for materials of particular applied impor-
tance and for the refinement of nuclear modeling techniques.

Because of the applied needs, it was decided to measure the °1V(n,p)>!Ti
and 51V(n,q)*8Sc reaction energy-differential cross sections. The activation
method was selected since it was expected to be reliable in these instances
owing to the favorable and well-known decay characteristics of 21Ti and “85c.
Qur results for the (n,p) reaction were recently reported [9]. This work
confirmed our previously-held suspicions concerning poor reliability te be
expected when model calculations are used for producing evaluated cross
sections of this nature, In fact, large differences were discovered between
the measured 3!V(n,p)°!Ti cross sections and those predicted by both
ENDF/B-V [3] and JENDL-2 [4]. The present report presents the results of
our corresponding experimental investigation of the (n,a) reaction. The
goal of the present experiment was to measure the 5ly(n,a)*8sc reaction
cross section over a reasonably-wide energy range. Section II describes
the experimental method used. Section III deals with details of the data
analysis, including a comprehensive treatment of experimental errors. The
results are reported in Section IV, where comparison is also made with other
monoenergetic experimental data (all above 10 MeV) and with two existing
evaluations for the vanadium (n,u) reaction. Section V discusses a com-
parison we have made between available differential and integral results for



two widely—encountered fission—neutron spectra. Finally, our conclusions
appear in Section VI.

I1. EXPERIMENTAL PROCEDURES

The 51V(n,a)48Sc reaction is amenable to measurement via the
activation method. The isotopic abundance of Sly in elemental vanadium is
99,.750%, with 59V as the small remaining isotopic constituent [2]. The
reaction Q-value is -2.055 MeV [2]. The decay half life of 48g5¢ is 43.67
+ 0.09 h [2], a very convenient value for routine activation studies. 4“8Sc
decays via g~ emission to excited levels in “8T7i, and they subsequently decay
to the ground state by gamma-ray emission with the following dominant
transitions: 0.984 MeV (100.0 = 0.3%), 1.037 MeV (97.5 t 0.3%), and 1.312 MeV
(100.0 * 0.3%) [2]. The indicated branching factors represent the percentages
of “8Sc¢ decays where each specific gamma ray 1s observed. These gamma
rays have convenient energies for detection with a Ge(Li) spectrometer. The
only complication encountered in analysis of the decay of 485¢ corresponds
to sum—coincidence losses. More will be said about how this was handled

later in this section.

The samples were metallic vanadium disks averaging 0.330 cm in thickness
and 2.557 cm in diameter. The vanadium content was 99.8 * 0.2% by weight.
The dominant impurities were Al, Si, Cr and Fe, but none of these gave
problems insofar as the present experiment was concerned. The sample
density was measured as 5.92 * 0.04 g/cmi.

Nearly monoenergetic neutrons for the irradiations were produced by
bombarding thin targets with monocenergetic charged-particle beams frem the
Argonne National Laboratory Fast—Neutron Generator (FNG) Facility f10,11]

All measurements were performed with the “H{d,n)3He reaction, using a gas
target as described in Refs. 12 and 13. The target assembly is also pictured
schematically in Fig. 1 of Ref. 9. This target was required to dissipate up
to 100 watts of beam power during operation. The target assembly itself was
water cooled, and an air jet directed at the gas cell was used as well. The
neutron energy was controlled by selecting the appropriate incident deuteron
energy since the source reaction is a two—body interaction with a well-de-
fined Q-value. This source reaction suffers interference from the “H(d,np)%H
reaction at higher energies, and thus ceases to be truly moncenergetic [12].
Methods for coping with this problem have been described previously [12,14,15].
The deutercn beam from the FNG accelerator was magnetically analyzed, and the
energy-scale calibration was based upon observation of the well-known
7Li(p,n)’Be, !1B(p,n)!lC and 2741(p,n)2781 reaction thresholds [16,17]. These
calibration measurements were performed in a separate experiment Involving
proton beams. Although the incident deuteron energies are believed to be
known to within better than = 5 keV over the entire energy range of this
experiment, the average neutron energies are less well known, primarily due

to uncertainties in calculating target energy losses for deutrons in the




gas target. Thus, the average neutron energies reported in this work are
conservatively estimated to be uncertain by about 20% of the full-width-

half-maximum (FWHM) resolutions for the incident-neutron-energy distribu-
tions, i.e., by ~ 31-47 keV.

The vanadium sample disks were placed perpendicular to the incident
deuteron beam (at zero degrees) at a distance of 3.47 cm from the
target for all the irradiatiocns. The samples were attached to a low-mass
fission detector monitor as shown in Fig. 1 of Ref. 9. This detector is a
parallel-plate ionization chamber used to detect fission fragments emitted
from a thin deposit of uranium. The chamber has 0.025-cm-thick steel walls,
and the chamber electrode and uranium deposit backing are 0.025-cm-thick
steel disks. Methane (CH,) at atmospheric pressure is the filler gas.
The uranium deposit is a thin, uniform film of depleted uranium (effectively
100% 238y) 2.54-cm in diameter, amounting to 5.012 x 10l8(% 2%) atoms.
Procedures for making and calibrating this deposit have been previously
described {18-20]j.

Activity measurements for *8Sc were achieved by counting the emitted
0.984-, 1.037- and 1.312-MeV gamma rays with a Ge(Li) detector having an
active volume of ~ 100 cm3. Counting deadtime corrections were small, and
they were deduced for each sample count using information recorded during
these runs. Each sample was counted in a well-defined position close to
this detector. Determination of an appropriate counting efficiency for this
configuration was an essential part of the experiment. Three independent
methods were used, and they all produced results in good agreement with each
other, The final efficiency used in the cross section calculations was
based on one method alone, and this is described below in some detail. The
two other methods served to confirm the first result, and they are discussed
rather briefly below as well.

The primary calibration method used is similar to the approach we used
earlier for the SlV(n,p)SITi experiment [9]. First, a second reproducible
counting position was established ~ 20 cm from the detector (on the detector
axis). One vanadium sample was irradiated for a sufficiently long time at a
high neutron energy to produce adequate *85¢ activity for counting in both
of the positions mentioned above. All the other samples irradiated in thisg
experiment were oriented in the same fashion as this calibration sample so
that activity nonuniformity effects would cancel to first order, These
effects were small anyway. Measurements of full-energy peak count rates for
the calibration sample yielded a ratio of the counting efficiencies at the
two positions to ~ 0.6% accuracy. Further calibration effort was then
directed torward the distant position. Standard sources [21-23] were used to
establish the bare~point-~source gamma-ray efficiency curve for full-energy
peaks versus gamma-ray energy at this distant position. Calculations were
then performed to modify this efficiency curve to an equivalent curve
representing the same activity distributed in an extended absorbing medium
of vanadium representing a typical sample, Thus, the counting efficiencies

L_uwmvﬂm.wsw A e
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for each Y-ray peak (0.984-, 1.037- and 1.312 MeV) from “85¢ were deduced
indirectly for the close-in counting position actually used in the experiment.
This method avoids the problem of sum—coincidences. S5ince they are negligible
for the distant calibration position, the close-in sum coincidence corrections
are automatically included in the explicit near-to~far position efficiency
ratios for each gamma ray from 4 Sc, measured as described above. In order

to improve the statistics for routine sample counts, the yields of the three
dominant peaks indicated above were actually summed. Based on the analysis
described above, our effective detection efficiency (inclusive of the
gamma-ray branching factor), which corresponded to the yield of the three
summed transitions in the routine close-in counting position, was 0.0408

(= 1%).

Our second calibration method actually exploited the fact that sum—
coincidence peaks were present in the spectra for the close—in counting
pesition. A single-detector sum—peak coincidence method was used to
establish the efficiencies for each of the three dominant gamma-ray lines
{24]. The average ratio of the efficiencies derived by this method to the
corresponding single-transition efficiencies derived by the method described
in the preceding paragraph was 1.02 * (.01, which indicates consistency for
the two methods within the errors. To provide an additional check on the
efficiency, two samples which had been irradiated in our laboratory were
counted several times here and were then sent to be counted at Physikalisch-
Technische Bundesanstalt (PTB), Federal Republic of Germany {25]. Each
laboratory then derived the effective disintegration rates for these samples,
time corrected to a selected zero time, based on independent calibrations at
the respective laboratories. For one sample our calibration yielded a
disintegration rate 0.4% larger than found by PIB, while for the second
sample, our result was l.l%Z smaller. This comparison relates to our primary
calibration method, and the excellent agreement exceeds expectations based
on our estimated error of ~ 1.2% and an equlvalent error for the PTBE measure-
ment. Thus, the assumed 1% error in the gamma-ray detector efficiency we
quote appears to be reasonable. We also measured sample count rates versus
orientation of the sample and found that the difference between the two
possible orientations in the normal close—in position was (0.6 * 0.4%).

Since the sample counting and detector calibration were conducted with a
consistent sample-orientation convention, as indicated above, no correction

is needed for this small effect. Any activity nonuniformity observed in the
counting would be due primarily to geometric effects resulting from the

sample being placed quite close to the extended~line neutron source during the
irradiations.

The sample irradiation times all exceeded one hour and some runs were
as long as 13 hours. The neutron output rates during these measurements
were monitored and found toc be essentially constant. Long counters and a
beam current integrator served as auxiliary monitors during all these
irradiations. Background measurements were made at each energy to provide
information on the effect of neutrons produced from deuteron bombardment of
the target-cell structure. Corrections to the fission-monitor data were
obtained for each such energy. However, it was established that the pro~



duction of *®sc in the sample was significant conly at the higher deutercon
energles, so no background sample irradiations were performed at lower
energies. Previous experience has indicated that most of the background
neutrons come from (d,n) reactions with the 3.2-mg/cmz nickel-foil cell
entrance window or with impurities which tend to build up on the target
(11}. The background is known to vary with time. Therefore, for the longer
runs two background measurements were made, one before and one after the
main run, and the results were averaged. This investigation of background
effects indicated that the background fissions varied between 2-26% while
the background #85¢ production was < 2% at all energies.

For some of the measurements, the HBSC decay gamma-ray peaks were
not particularly prominent relative to the overall detector background.
Therefore, this background was carefully measured and no gamma-ray lines were
found which might interfere with the *85c counting. To be certain that all
the yield in the 0.984-, 1.037- and 1.312-MeV lines came from l"E‘Sc:, a
careful measurement of the decay half life of the summed yield for these lines
was performed. The result of this analysis was a measured half life of
43.79 * 0.22 h which agrees very well with the value 43.67 ¥ 0,09 h from the
literature [2].

III. DATA ANALYSIS

The experimental data were analyzed using the same general methods
described in Refs. 12 and 26. The first step was a determination of the
0.984-, 1.037~ and 1.312-MeV gamma-ray peak yields. The individual peak
ylelds were then summed and errors for these sums were evaluated. Utilizing
parameters of the individual irradiation histories, corrections for ¥s¢
activity decay were applied. These results, when combined with the measured
Ge(Li) detector efficiency, yielded values for the total number of ‘93¢
atoms produced in each irradiated sample. These data were also corrected
for the effect of background neutrons from the empty target cell.

Next, we examined the fisslon-monitor data. An extrapolation
correction was applied to account for fission events of low—energy which

were masked by the alpha-particle and noise pulses. For the present experi-
ment this corrcctiovu was ludependearly derdived Lol each data polnc,. ine

magnitudes of these corrections were typically ~ 3%. Fission fragments
emitted near 90° in the uranium deposit cannot escape and are thus not
recorded. This effect is somewhat energy-dependent and it also depends upon
the fragment angular distibutions. The most significant dependence is upon
the deposit thickness. Using fragment angular distribution data from Ref.
27, we found that corrections of ~ 3-4% were required. As indicated in
Section II, corrections for fissions produced by background neutrons were
applied. These corrections were also measured for each data point.

Neutron-multiple-scattering corrections for this experiment could not
be measured and thus had to be calculated. The basic concept is described




in Ref. 26, but the calculational procedure has since been improved and is
further described in Ref. 28. The scattering corrections are sufficiently
small, in experiments such as the present one, s0 that the correction
procedure need only consider additional events produced by once-scattered
neutrons. However, both elastic and inelastic scattering contributions are
included. The scattering-correction parameters were calculated at several
neutron energies using ENDF/B total, scattering and reaction cross sections
[3]. The results appear in Table 1. Required values for intermediate
energies were derived from this table by interpolation. Lower—energy values
were estimated by extrapolating the 6.268-MeV correction values. There is
some cancellation in the effects of these scattering parameters since this
is basically a ratioc experiment. The net correction, however, remains in
the range 5.5-7% over the energy range of this experiment.

The corrected fission and activity data, and calculated scattering
corrections, were used to compute 51V(n,u)“88c cross sections. The calcu-
lations were performed with a computer code which determined a number of
additional corrections involving geometry factors, neutron source properties,
neutron absorption, etc. Again, the procedure is basically the one described
in Refs. 12 and 26; however, it has been refined to incorporate concepts
described in Ref. 14, These newer features deal primarily with the way the
average neutron energf and neutron-energy resolution are calculated. As for
the earlier SlV(n,p) Ti work [9], this is an important consideration since
the (n,a) cross section is strongly energy dependent near threshold.

Corrections for secondary-neutron groups from the source reaction
are a matter of concern. The ZH(d,np)ZH reaction produces a continuous
breakup—neutron spectrum [11,12]. Neglect of this breakup-group correction
would lead to an error of as much as 10.5% at the highest energy of the
experiment. However, the breakup correction was calculated and applied to
our data so the residual uncertainty is estimated to be < 2%. When the gas
target heats up, the density of the gas in the cell decreases [13]. This
feature alters the effective energy resolution and leads to slightly higher
average neutron energies, We took this effect into consideration in
analyzing the data from the present experiment. In the worst case, a shift
of < 15 keV toward higher average neutron energy resulted.

We have estimated the principal error sources for this experiment,
including correlations, using methods described in Refs. 29 and 30. The
objective of this effort is provision of sufficient uncertainty information
so that a complete data covariance matrix can be generated for evaluation
applications (e.g., see Ref. 29).

Seven sources of random error and twelve sources of systematic error
were considered. These are identified briefly in Table 2, and the ranges
of values we estimate appear there as well. Errors and correlations for the
238u(n,f) standard cross section have to be considered separately, not as




part of the present analysis., Twenty distinct cross section ratios were
obtained in the present work. Each of these values is identified by a

data point number. Table 3 provides explicit estimated magnitudes for the
variable error components identified in Table 2. Table 4 indicates the
correlations we believe exist between systematic errors in the same category
for the various data points. No cross—category correlations are expected
for these data. Some additional comments are in order regarding certain ot
these error components. Random component R4 for the extrapolation
correction is based on the assumption that the magnitude of the error

is ~ 25% of the correction; this appears to be consistent with the observed
scatter in the individually-determined corrections. The same can be said
for systematic error component S; which deals with the uranium-deposit—
thickness correction. The systematic error component Sjg is derived by
assuming that each of the calculated scattering correction parameters a,B,Y
and P (see Ref. 26) has an uncertainty of ~ 20%. The uncertainty in the net
correction n (see Table 1)} is calculated by standard error propagation
techniques (see Ref. 29), assuming the partial correction factor errors to
be uncorrelated. Typically, the uncertainty in the net scattering correction
n then amounts to ~ 30% of the correction. The neutron—energy-difference
dependence of the correlations for systematic error components Sg and

S0, expressed in Table 4, is simply a plausible assumption, reflecting

the fact that the corrections for data points nearby in energy are believed
to be more strongly correlated than those widely separated in energy.
Systematic error component Sy can be estimated only when knowledge of the
cross section excitation function shape and of the energy scale uncertainty
is available. Energy scale uncertainty, as indicated previously, is assumed
to be ~ 20% of the FWHM resolution. Shape sensitivity parameters (JJ/9E)
were deduced mainly from an eyeguide to our experimental results. Further
discussion on this eyeguide appears in Section V.

IV. EXPERIMENTAL RESULTS AND DLISCUSSION

The isotopic, energy—dependent 51V(n,ot)L'sSc cross section values
from this experiment are presented in Table 5. We emphasize the experimental
ratios and corresponding errors since these are obtained directly from the
measurements. However, (n,o) cross sections were derived readily from these
ratios by using ENDF/B-V [3] evaluated cross sections for the standard 238y
fast-neutron-fission reaction. The overall uncertainty in the derived (n,a)
cross section is obtained by combining the ratio and standard errors in
quadrature. A ratio—data covariance matrix can be calculated from information
given in Tables 2-53, using methods described in Ref. 29. We have performed

thils analysis aund pruvide our resules Lo the fuiw ol a diweasiouless
correlation matrix in Table 6. 1In order to obtain an (n,2) cross section
covariance matrix, the ratio covariance matrix would have to be combined with
the *38%y-fission-cross-section covariance matrix, deduced from the appropriate
ENDF/B-V File 33 entry [3], using the method described in Ref. 29.



Comparisons are made between the present experimental results and experi-
mental and evaluated values from the literature in Figs. 1-3. The present
data cover a range of more than three orders of magnitude in cross section
and provide detailed definition of the threshold region for this reaction
(see Figs. 1-3). These results, however, are not directly comparable with
experimental values we obtained from the literature [1,31-53] since all of
our values are below 10 MeV while the available reported differential data
are at energies above 10 MeV. Owing to the large number of data points in
the literature, and the compressed scales used in preparing Figs. 1 and 3,
it is difficult to distinguish individual data points on these figures,
Therefore, we also plotted the data above 10 MeV using a scale which exhibits
the results in greater detail (see Fig. 4). We have chosen to compare the
available data, including the present values, with two recent evaluations,
namely ENDF/B-~V [3] and JENDL-2[4], in Figs. l-4. The evaluated cross
sections are for elemental vanadium, but the 0.25% difference between
the elemental-vanadium and blV-isotopic values 1s probably negligible at
most energies. A possible exception could be in the extreme threshold
region. Here, the effect of the 50V(n,a)""]Sc reaction may be noticeable
since i1t has a ¢ value of + 0.757 MeV, and thus a considerably-lower probable
effective threshold than the corresponding 3ly reaction. Of special
interest to us 1s the comparison of our experimental results with ENDF/B-V
[3] since this evaluation is important for the U.S. nuclear-energy~tech-
nology programs. The agreement of ENDF/B-V with the present experimental
results 1s quite good below ~ 7.5 MeV. However, in the energy range from ~
B-9 MeV, our values differ considerably from ENDF/B-V. Fig. 2 illustrates
this point graphically. We will see in Section V that this difference is
significant for fission reactor applications since the integral response
curves for *'v(n,a)*®Sc in typical fission-neutron spectra peak in this
energy region. The present measured differential cross sections are
~ 50% larger than ENDF/B-V around 8.5 MeV. A similar situation occurs
for the (n,p) cross sections (see Ref. 9). Our experimental data
appear to be lower from 7-9 MeV and higher above 9 MeV than the JENDL-2
evaluation [4]. Although the situation above 10 MeV is only indirectly
relevant to the present investigation, the JENDL-2 evaluation {4] appears to
represent most of the higher—energy experimental cross section data far
better than ENDF/B-V [3]. This fact is of interest for our integral/
differential data comparison which 1s discussed in Section V.

Over much of the energy range of this experiment, the errors in the
measured ratios are ~ 6-9% while the derived cross section errors are
~ 7-10%. At the lower energy range, the statistical errors in the measured
48ge¢ activity and the systematic errors attributed to neutron—-energy
uncertainty are dominant. It is evident from Table 5 and Fig. 1 that the
outcome of tests to determine the reproducibility of several measured values
was satisfactory.



V. INTEGRAL-DIFFERENTIAL COMPARISONS

While no experimental monoenergetic data have been reported for
51V(n,a)“88c in the energy region addressed by the present experiment, some
integral results have been measured and they can be used indirectly to test
our results. Two standard neutron spectra commonly used to test differential
data are the 233y thermal-neutron—induced-fission neutron Spectrum and the
252¢f spontaneous-fission neutron spectrum [54]. 252Cf sources can be made
to be very compact with only small perturbations by the encapsulation ma-
terial. Consequently, the spectra from such sources can be very well char-
acterized in principle, and considerable recent effort has been devoted to
the task of standardizing this neutron field (e.g., see Refs. 55-59)., It is
far more difficult to produce and characterize the standard 235y thermal-neu-
tron-induced-fission neutron spectrum [60]. 1In the present analysis we rely on
the ENDF/B-V [3] representation. 1In actual fact, integral measurements are
rarely performed in pure uranium-fission neutron spectra; instead results
are reported for a variety of fission-reactor spectra. While the detailed
spectrum shape has an important influence on the absolute fission-spectrum—
average cross section, it has been observed that the shapes of the high-
energy tails of fission-reactor spectra are quite similar to that of a pure

U~-fission spectrum, Thus, the integral cross section ratio for two
reactions with reasonably similar thresholds tends to be relatively in-
sensitive to the particular type of fission reactor. Thus by con-
sidering only measured reactor-spectrum reaction-rate ratios of unknown
reactions to standard reactions it is possible to compare seemingly rather
diverse experimental results. This concept is discussed in some detail by
Winkler et al. [61].

It was necessary to pursue this approach here since an examination of
the available fission-spectrum integral data (e.g., see CINDA [1])) indicated
diverse origins for the potentially-comparable ° V(n,a)*88¢ results.

Only one <4° Cf-spectrum-average result has been reported [62]. Several
reactor-fission-spectrum results are presently available [63-67]., We have
listed these experimental values in Table 7, as quoted in the literature.
Furthermore, we have identified in each case a suitable standard reaction
which was also investigated by the original authors in their work. Whenever
gossible we referred to reported values from thege experiments for
7Al(n,a)z“Na, which is one of the best—known standard reactions from the
ENDF/B-V Dosimetry File [3]. It has a threshold in the several-MeV range,
thereby minimizing sensitivity to differences in the reactor spectrum
shapes. We used values for this standard integral cross section which are
consistent with ENDF/B-V [3,68,69], and then renormalized the blV(n,u)*"&Sc
integral cross sections quoted in the original literature sources according
to the method described by Winkler et al. [61]. An exception was our choice
of the value from Winkler et al. [61} for 63Cu(n,a)bOCO. It served as the
standard for renormalizing the data of Dudey and Heinrich [64] since Winkler
et al. have shown that ENDF/B-V is not a particularly good representation for
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63Cu(n,a)bOCo. In all of these renormalizations it was assumed that differ-
ences attributable to decay constants and other experimental details could
be ignored. The results of this analysis also appear in Table 7. We take
the original errors given by the authors, and then simply convert these to
proper renormalized values. No estimates of uncertainties due to the
renormalization process, or due to the standard cross sections, were con-
sidered. Thus, the errors in the renormalized values can be considered as
minimum uncertainties.

In order to provide a comparison of measured and calculated fission—
spectrum average results, it was necessary to generate a differential curve
which represented our best current knowledge of the (n,a) cross section for
51V, based on available differential information including the present
results. We did not perform a rigorous evaluation. The curve we generated
is based upon: 1) the ENDF/B-V evaluation [3] for neutron energies below
5.8 MeV, i1} an eyeguide to the present experimental results in the range
5.8 — 9.6 MeV, iii) the ENDF/B-V evaluation from 9.6 — 1l MeV, and the JENDL-2
evaluation [4] for energies from 11-20 MeV. Table 8 contains the numerical
values for this hybrid curve, o(E}. This curve is compared with all available
experimental data in Fig. 5. In the present analysis, we rely on the
standard ENDF/B-V [3] representation of the 235y thermal-neutron-induced-
fission neutron spectrum. For the 232cf spontaneous—fission neutron
spectrum, we employed a representation based on Refs. 55 and 56. The
relationship between the integral cross sections <g>, the differential cross
section o(E) and the spectrum ¢(E) is expressed by the equation

20 MeV 20 MeV
{o) = f O(E)cp(E)dE/./. ¢(E)QE . (1
o] s}

Owing to the nature of ¢(E) and o(E), the response ran%e is limited es-—
sentially to neutron energies between ~ 6-18 MeV for ? V(n,u)HBSc. The
method of analysis is described in Ref. 70. Our investigation was limited
to the 235U and 254Cf standard fission spectra, for ¢(E), and to ENDF/B-V
[3], JENDL-2 [4] and the hybrid curve defined in Table 8, for o(E).

The calculated spectrum-average cross sections for 51V(n,a)'*asc appear in
Table 9. Following the approach from Ref. 70, the graphical material from
our spectral-resgopse analyses for o(E) from Table 8 appears in Figs. 6 and
7, for 235y and %°%cf respectively. The princigal results from Tables 7
and 9 are summarized in Figs. 8 and 9 for the 235y and %°2¢f fission-
neutron spectra, respectively. Here, measured and calculated <o> are
compared. Our calculated <o>, using Table 8 values for o(E), are re-
presented in each figure by the solid vertical line. The dashed lines
represent * 7% uncertainty in these values, corresponding to the estimated
minimum uncertainties. It is seen that the agreement between differential
and integral results is reasonably good. Since our data span only ~ 50%
of the response range, the higher—energy results are of equal consequence
in this context. Although ENDF/B-V [3] apparently underestimates g(E) in
the important response range from 7.5-9.5 MeV, it also overpredicts




the cross sections from ~ 13~2¢ MeV. Thus <0> for ENDF/B-V does not

differ greatly from the result based on Table 8. The main problem with
JENDL-2 [4] appears to be <9 MeV. 1In fact, uncertainty about how exactly
to represent 9(E) near threhsold for the JENDL-2 evaluation (4] led to
difficulties in calculating <6> values. It was noticed that the numerical
values in the JENDL-2 file indicate considerably larger cross sections
between ~ 2.1 and 9.0 Mev than are shown in a corresponding figure from Ref.
4. Since the latter appears more realistic, we chose to use values read
from that figure for the present analysis, Therefore, the values correspond-
ing to JENDL-2 in Table 9 and Figs. 8 and 9 may be in error if we have
misrepresented this evaluation,

The importance of having detailed knowledge of 9(E) is illustrated by
the situation for ENDF/B-V. Here, a curve for 9(E) which clearly misrepre-

VI. CONCLUSIONS

The present measurements provide unique differential cross section
data in the important threshold region for the V(n,2)""Sc reaction. The

range, and a differential/integral comparison based on our data and a
reasonable representation for the higher-energy cross section led to quite-
acceptable agreement considering the uncertainties involved.

This work re-emphasizes the general conclusicn discussed in our
earlier investigation of the 51V(n,p) Ti reaction (9], namely that the ¥
state of the art in nuclear-model calculations is such that, in general, one X
cannot expect to calculate (n,X) reaction cross sections (even the shapes)
with much quantitative certainty. Typically, discrepancies between model
calculations and data (provided that the calculations are not adjusted to
explicitly fit the data) of the order of 20-50% are typical. This certainly
seems to be the case for lV(n,p)blTi (9] and 51Ti(n,G)“SSc (present work).

The origins of this uncertainty cannot be identified, in general, as

originating predominantly from parameter uncertainties or from basic model

flaws, Clearly, more work is needed to improve the reliability of model

predictions since not all reaction cross sections can be as conveniently

measured as lV(n,p)E’lTi and 51V(n,a)“88c. A solid base of reliable experi-

mental (n,X) reaction Cross section data is clearly needed to provide L
"benchmarks" for testing nuclear-model calculational techniques. Qur ﬂ
investigations of 51V(n,p)SlTi [9] and lV(n,a)'mSc (present work) contri~ i
bute toward this objective.
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TABLE 1.

(tev)
6.268
7.264
8.242
9.210

10.17

4 Parameters are defined in Ref. 26.
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Calculated Neutron Multiple-Scattering Correction Parameters®

iR

2.5

2.2

1.9

b n=[(a+s> - (y+p)l-

joo

0.4

0.2

0.3

0.3

0.4

=

7.4

6.2

6.1

5.6

5.9

=]

2.5
2.0
2.3
2.1

1.9

Net Correction nb

7.0

5.9

5.9

5.5

S.4

All values are given in percent.
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R3

Rg

R7

Symbol

5]

53

34

Sg
57
Sg
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TABLE 2: Sources of Experimental Error

RANDOM ERRORS

Magnitude (%) Description
Na Exposure, waiting and counting times.
0.5 - 22.6 Gamma-ray yield.
0.1 - 0.2 Fission yield.
0.5 Extrapolation correction.
1 -3 Background-fission correction.
N - 0.58 Background—activation correction.
1.5 Geometric corrections.

SYSTEMATIC ERRORS

Magnitude (%) Description
0.1 - 0.2 485 decay half life.
2 238y content of monitor deposit.
0.2 °ly content of samples.
0.8 Uranium—deposit thickness correction.
1 Gamma-ray counting efficiency.
Na,b 48g. gamma-ray-decay branch factor.
N@,b Orientation of sample for counting.
2 Neutron source properties.
N Room-return fission events.

ok 4 e EAAEANERDA iAoy S0 S, o7 b RREEOPY LM T M - o b by i MWD = MR 0 -
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TABLE 2: Soutrces of Experimental Error (Continued)

RANDOM ERRORS

Symbol Magnitude (%) Description

810 1.3 - 1.6 Neutron scattering corrections.
511 1.5 Geometric corrections.

S12 2.6 - 12.2 Average neutron energy.

8 N = negligible

b Uncertainty actually included in gamma-ray counting efficiency
determination (Sg).
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TABLE 3: Explicit Values for Variable Error Components@

Data
Potnc BB B R S S0 Sk
1 22.6 0.2 1.0 Nb 0.1 1.6 8.4
2 5.6 0.1 1,0 N 0.1 1.6 11.0
3 2.0 0.1 1,0 N 0.1 1.6 12.2
4 12.7 0.2 1.0 N 0.2 1.6 9.6
5 1.8 0.1 1.0 N 0.1 1.5 9.4
6 7.1 0.2 1.0 N 0.2 1.5 7.7
7 1.6 0.1 1.0 N 0.2 1.5 7.8
8 1.7 U.2 1.0 N 0.2 1.5 8.3
9 5.6 0.2 1.5 N 0.2 1.4 8.8
10 1.1 0.1 1.5 N 0.2 1.4 8.7
i1 3.5 0.2 1.5 N 0.2 1.4 7.8
12 2.7 0.2 1.5 N 0.2 1.4 7.5
13 0.8 0.1 1.5 N 0.2 1.4 4.7
14 0.9 0.1 2.0 0.1 0.2 1.4 5.9
15 0.6 .1 2.0 0.1 0.2 1.4 5.2
16 1.0 0.2 2.0 0.3 0.2 1.3 3.4
17 0.8 0.2 2.0 0.3 0.2 1.3 4.3
18 Q.5 0.1 3.0 0.3 0.2 1.3 3.2
19 0.6 0.1 3.0 0.3 0.2 1.3 2.8
20 0.7 0.2 3.0 0.5 0.2 1.3 2.6

8 Values in percent. See Table 2 for ertor component descriptions.

b N = Negligible
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TABLE 4: Systematic-Error-Component Correlations

Symbol Assumed Correlations (%)
51 100

P 100

53 106

54 100

S5 100

Sg Not applicable?
57 Not applicable?
sg (100-10 sE)b

Sg Not applicable?
S$10 (100-10 aE)b
513 100

512 100

4 Error component is either negligible or uncertainty
.8+, uncertainties normally associated with Sg and
S_Sc

is included elsewhere,
57 are included in

b 4E is the magnitude of the difference in the neutron energies for the two

data points, in MeV.

——
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TABLE 8. Representation of o(E) for *'V(n,a)"%Sc Based on Consideration
of the Present Experimental Data and Two Previous Evaluations@

E al(E} E o(E)
(MeV) {mb) (MeV) (mb)
4.0 9.408(=5)b 7.8 0.7190
4.2 1.584(=4) 7.9 0.8180
4.k 2.112(=4) 8.0 0.9150
4.6 2.606(~4) 8.1 1.040
4.8 3.486(=4) 8.2 1.200
5.0 4.960(=4) 8.3 1.410
5.2 7.515(~4) 8.4 1.610
5.4 1.143(-3) 8.5 1.800
5.6 1.813(-3) 8.6 1.960
5.8 3.043(-3) 8.7 2.120
5.9 4,150(-3) 8.8 2.300
6.0 6.030(-3) 8.9 2.540
6.1 9.050(-3) 9.0 2.790
6.2 1.350(=2) 9.1 3.010
6.3 1.850(5)% 9.2 3.170
6.4 2.470(=2) 9.3 3.330
6.5 3.200(~2) 9.4 3,540
6.6 4.140(=2) 10.0 4,840
6.7 5.410(-2) 10.5 5.496
6.8 7.000(~2) 11.0 6.0
6.9 9.100(-2) 12.0 9.0
7.0 0.1175 13.0 12.0
7.1 0.1530 14.0 15.0
7.2 0.1935 15.0 17.5
7.3 0.2470 16.0 19.5
7.4 0.3120 17.0 20.0
7.5 0.4000 17.5 20.5
7.6 0.5040 18.0 20.0
7.7 0.6140 19.0 18.0

20,0 15.0

4 See Section V of text for the origin of this representation. In the
present work, values of o(E) at energies other than grid points are
deduced by linear interpolation.

b The notation 9.408(=5) signifies the value 9.408 x107%,
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TABLE 9. Summary of Present Fission-Spectrum—Average Cross Section
Calculations for °lv(n,a)"8sc

Calculated <o> Values@

¢(E)
Origin of 235y gpectrumbP 252Cf Spectrumt
o(E)
ENDF/B/VD 0.02228 mb 0.03710 mb
JENDL-24 0.02798 mb 0.04370 mb
Present Work® 0,02377 wb 0.03887 mb
Response Contributionsf
$(E)
Neutron Energy 235 Spectrumb 232¢f Spectrum®
Range (MeV)
< 5.5 0.3% 0.2%
5.5 - 5.6 51.1% 44,97
> 9.6 48.6% 54.9%
4 Eq. (1) from text.
b Ref. 3.
€ Refs. 55 and 56.
d Ref. 4.
€ Table 8.
f Contributions to <o> (as calculated using Eq. (1) from text) from various

energy regions are indicated for o(E) given in Table 8.
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FIGURE CAPTIONS

Symbol List (Figs. 1-5):

0 Present work

O Crumpton (Ref. 31)

X Paulsen + (Ref. 32)
X wWarren + (Ref. 33)

A Robertson + (Ref. 34)
K Bramlitt + (Ref. 35)
A Qaim (Ref. 36)

® Schwerer + (Ref. 37)

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

L.

Cross sections for the 5lV(n,G)L*SSc reaction. Data points are
identified above. Curve is the ENDF/B-V evaluation [3]. Values
above 10 MeV can be seen more clearly in Fig. 4.

Present experimental 51V(n,G)L’BSc cross sections in the energy range
7-10 MeV. Curve is the ENDF/B-V evaluation [3].

Cross sections for the 51V(n,a)L*SSc reaction. Data points are
identified above. Curves are: A- ENDF/B-V evaluation (3], 5 -
JENDL~2 evaluation [4]. Values above 10 MeV can be seen more
clearly in Fig. 4.

Experimental Slv(n,G)QBSc cross sections above 10 MeV from the
literature [1, 3i-53f. Data points are identified above, Curves
are: A~ ENDF/B-V evaluation {3), B~ JENDL-2 evaluation l4].

Cross sections for the blV(n,Ot)J*BSc reaction. Data points are
identified above. Curve corresponds to Table 8, and it is based
on an eyeguide to the present data and portions of two previous
evaluations (see Section V of text). This curve is used to
caleculate spectrum~average cross sections.

23‘L)U fission spectrum response analysis for SlV(n,a)anc. The

Cross section 1s based on the present work (Fig. 5 and Table 8).

The neutron spectrum is the standard U thermal-neutron—-induced-~
fission neutron spectrum from ENDF/B-V {3]. Shown are separate

plots of SIG - 9(E), PHI - ¢(E), SIG*PHI - C(E)$(E), and

SIGP*PHI ~ 90/3E(E)¢(E), all versus energy E from O to 20 MeV. Each
plot has its own individual relative ordinate scale. The plot of
SIG*PHI indicates the response energy range while that for SIGP*PHI
shows the region of greatest energy scale sensitivity for the reacction.

Il Borman + (Kef. 38) E  Paul + (Ref. 46}

2; Hillman (Ref. 39) S Strain + (Ref. 47)

Qg Vonach (Ref. 40) M Majumder + (Ref. 45)
G0 Mannhart + (Ref. 41) H Hughes + (Ref. 49)

M Vonach + (Ref. 42) L Levkovskii + (Ref. 50)
{#l Lu-Han-Lin + (Ref. 43) P Poularikas + (Ref. 51)
P¥ Rusek + (Ref. 44) K Kumabe + (Ref. 52)

@ Zupranska + (Ref. 45) G Garuska + (Ref. 53)



Fig. 7.

Fig. 8.

Fig. 9.
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252¢cf figsion spectrum response analysis for 51V(n,a)“88c. The
cross section is based on the present work (Fig. S5 and Table 8).
The neutron spectrum is the standard 252¢f spontaneous—fission
neuvtron spectrum (e.g., Refs, 55 and 56). Shown are plots of SI1G-
o(E), PHI- ¢{E), SIG*PHI - o(E)¢(E)}, and SIGP*PHI-3¢/3E (E)¢(E),
all versus energy E from 0 to 20 MeV. Each plot has its own
individual relative ordinate scale. The plot of SIG*PHI indicates
the response energy range while that for SIGP*PHI shows the region
of greatest energy scale sensitivity for the reaction.

Comparison of experimental and calculated 235y fission-spectrum
integral results. Data points: Ref. 66 (®), Ref. 67 (X), Ref.
65 (©), Ref. 64 (M). These are renormalized experimental values
(see Section V of text). Calculated values: ENDF/B-V [3} (E),
JENDL-2 [4] (J), and present work — Table 8 (vertical line plus
dashed lines showing % 7% uncertainty). Calculations utilize kq.
(1) from the text, Spectrum is from ENDF/B-V[3].

Comparison of experimental and calculated 4°4Cf fission—-spectrum
integral results. Data point: Ref. 62 (®). This value is
renormalized (see Section V of text). Calculated values:
ENDF/B-V [3], JENDL-2 {4] (J), and present work = Table 8
(vertical line plus dashed lines showing * 7% uncertainty).
Calculations utilize Eq. (1) from the text. Spectrum is based
on Refs. 35 and 56,
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Figure 7
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