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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 dis-
semination of information in the comprehensive form required for nuclear
technology applications. This Series is 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 to this Series
are reviewed to assure technical competence and, unless otherwise stated,
the contentg 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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ON NEUTRON INELASTIC-SCATTERING CROSS SECTIONS
oF 232py,, 233y 235y 238y 239p,; ng 240p,

by

Alan B. Smith and Peter T. Guenther
Applied Physics Divison
Argonne National Laboratory
9700 South Cass Avenue
Argonne, Illinois 60439
Usa

ABSTRACT

Differential-neutron—-emission cross sections of 232Th, 233U, 235U,
238U, 239py and 2%0Py are measured between = 1.0 and 3.5 MeV with the
angle and magnitude detail needed to provide angle-integrated emission cross
sections to & 3% accuracies. Emitted-neutron resolutions are quanti-
tatively defined and vary from ~ 0.1 to 0.35 MeV. The experimental
results are corrected for fission-neutron contributions to obtain psevdo-
elastic-neutron-scattering cross se« tions which, together with the neutron
total cross sections, define the non-elastic cross sections to within well
specified energy resolutions. These results imply inelastic-neutron-
scattering cross sections which are compared with comparable guantities
derived from ENDF/B-V. Good general agreement is noted for 2°2Th, 233y,
235y ang 238y inelastic-scattering values, poor agreement is observed for
2'*OPu, and a serious discrepancy exists in the case of pu.

-viii-



I. INTRODUCTORY REMARKS

Inelastic-neutron scattering from fissile and fertile targets has been
of long-standing applied concern, particularly in the context of fast-
breeder-reactor (FBR) systemsl. Direct measurements of such processes in
the fertile isotopes 232Th and 238U have led to partial understanding?,3.
Similar measurements give fragmentary knowledge of inelastic-scattering
processes in 247Py and very little information with respect to the fissile
isotopes 233y, 235y and 23%u"5. All of these direct measurements of
inelastic scattering in the few-MeV region are complicated by the presence
of figsion neutrons and particularly so for the fissile targets where the
fission cross sections can approach two barns. As a consequence of the
limited experimental information, neutron-total-inelastic-scattering cross
sections of the fertile targets in the few-MeV region are generally known to
no better than 10% and to lesser accuracies in the fissile-target casesZs3,
These uncertainties exceed the often quoted applied goals for neutron
inelastic-scattering cross sections!»b. Appreciable improvement of the
contemporary situation by direct inelastic—neutron measurement is difficult
and tedious at best. Therefore, alternative approaches to the problem are

sought.

Particularly as the result of recent measurements, neutron total cross
sections of 232Th, 233y, 235y, 238y, 23%y, and 2%0Py are now known to
£ 1 1/2% throughout the few-MeV region’. Steadily improving techno-
logies suggest that pseudo~elastic-scattering measurements in the few-MeV
region can now be made to accuracies which realistically permit determina-
tion of angle-integrated pseudo-elastic-scattering cross sections to uncer-
tainties of S 3% (herein “pseudoelastic” is defined as scattering due
to Ey = 0.0 to some specified E, = maximum). Fission cross sections of
the fertile isotopes are relatively small and, for all six of the above
isotopes, are known to $ 2-3% 2,38, Nu-bar and its energy
dependence is generally known to & 2 1/2%. Neutron capture in the
few-MeV region is relatively uncertain but generally very small. These
observations suggest that a careful determination of the non-elastic-
scattering cross sections and subsequent deduction of the implied inelastic-—
scattering cross sections could be productive. The measurements must deal
with fission~neutron contamination but that perturbation is now more nanage-
able as outlined below. The concept is not new?d but contemporary accuracies
in both magnitude and energy-resolution determinations give the approach new
promise. An inspection of the relevant uncertainties suggests that a
careful measurement of the pseudo-elastic-scattering cross sections could
potentially define the total inelastic-scattering cross gections to within
5-10Z for the excitation of all levels above 2100 keV. In the MeV
region, the excitation of lower-lying levels is usually of little applied
consequence and their respective cruss sections are frequently relatively

small8,

Following the above considerations, an aitempt was made to determins
the implied total-inelastic-scattering cross sections of 232Th, 233y, 23Sy,
238y, 239y, and 240Py from ® 1 to 3.5 MeV with magnitude and energy
definition sufficient to meet the needs of FBR applications. That attempt
and the successful results are cutlined below.



II. EXPERIMENTAL OUTLINE

A. Samples

A key factor in the measurements was the availability of an unusual, if
not unique, set of ganples. All the actinide samples were solid metal cylinders.
The 232Th, R 94 and Pu samples were 2.0 cm in diameter and 2.0 cm
high. The 233y and Opu samples were 2.8% and %§89 cm higb and 1.550 and
1.552 cm in diameter, respectively. The 3U, 239y, and 0Pu samples were
placed in 0.123 mm thick stainless-steel containers and identical containers
were available for backgrogn determinations. Chemical impurities were
negligible except for the “Opy sample which contained 0.8-1.0 weight/percent
aluminum. The assay of this alumiggn contamigﬂgt was based on weight and on
neutron—transmission measurements, and the Pu experimental rsgglts
were corrected using the aluminum cross sections of ref. 8. ghe Th and

Sy samples were fabricated from elemental material. The 233y sample was
enriched to 99+ atom/percent in the primary isotope. The 2350 sample was
enriched to 96 atom/percent in the primary isotope. The 239Pu sample was
enriched to 95.5 atom/percent in the primary isotope with the remaining
material being essentially 2%%py. The 24 Pu sample was enriched to 98
atom/percent with the remaining material being distributed among other Pu
isotopes. Due to the high isotopic purities of the samples, corrections for
minor-isotope contamination could be neglected except in the case of

U where small corrections were applied. The carbon calibration samples
were fabricated from high-purity pile-grade graphite. The carbon~scattering
sample was a cylinder 2.0 cm in diameter and 2.0 cm high. The carbon
transmission samples were 2.54-cm—-diameter discs of varying thicknesses
selected to provide observed transmissions in the range of 0.4 to 0.75 at
the particular measurement energy. Sample masses and dimensions were based
upon precision physical measurements with accuracies of better than 1Z.

B. Measurement Methods

All of the measurements were made using the Argonne National Laboratory
ten-angle time-of-flight apparatus. Information about E?at apparatus and
its application has been extensively reported elsewhere ~. The relative
energy dependencies of the ten primary neutron detectors were determined
the observation of neutrons emitted from the spontaneous fission of S2ct
These relative response functions were correlated by observing neutrons
gcattered from carbon into each detector at a common scattering angle
{nominally 30 deg.). The detector system was then used to determine
the relative differential-elastic-scattering cross sections of carbon.
These carbon measurements typically involved 80 differential values dis-
tributed between X 16~160 deg. The neutron total cross sections of
carbon were determined at identical incidenfaenetgy and energy resolutions
using conventional transmission techniques, ™~ with attention to dead-time
corrections. The statistical accuracles of the resulting carbon total cross
gections were 1-2%Z and the results were generally consistent with those
given in ENDF/B—V8 to within the respective uncertainties. Care was

by



taken to avold energles where the carbon total cross section is kmown to
display prominent resonance structure. At the energies of the present work,
the neutron total and elastic—scattering cross sections of carbon are
esgentially identical. Thus, the absolute normalization of the detector
system was determined from the carbon total-cross-sections. Legendre—-
polynominal fits to the measured carbon relative-differential-elastic-—
scattering distributions were angle integrated and then normalized to

the directly-measured neutron total cross sections. This normalization
method is independent of any reference standard and implies measured differ-
ential-scattering cross sections relative to the measured carbon total
cross sections. This method is not sensitive to the exact experimental

energy scale or energy resolution.

The relative angular scale of the measurement system was optically
determined to within =~ * 0.2 deg. The absolute normalization of this
scale was fixed by observing neutrons scattered from bismuth and from
hydrogen at a number of scattering angles on both sides of the apparent
center line. The resulting absolute angular scale was thereby established
to within =~ * 0.5 deg. This angular uncertainty 1s a concern in the
present actinide measurements but significant improvements in the angular
accuracy are difficult to achieve in a practical experimental environment.

The objective of the measurements was to obtain the actinide pseudo-
elastic-scattering cross sections to the best possible accuracies, not the
optimization of energy resolution. Thus, the resulting cross sections were
inclusive of inelastic—neutron contributions corresponding to a specified
excitation—-energy range. This range varied from = 0 to 90-350 keV and
was defined to within = 8 keV using the measured flight paths and time

scales.

All measured differential-cross—section values were corrected for
multiple event, beam—attenuation and angular-resolution perturbations using
a combination of monte-carlo and analytical methods!*. These correction
procedures also gave detalled attention to fission—neutron contributions as
discussed further below. The monte-carlo calculations were pursued to £
1Z precisions referenced to the angle~integrated cross—section results.

The sample-measurement sequence included actinide samples, background
determinations (using empty containers if appropriate), and carbom scatter-
ing samples. The actinide samples, particularly U and “DPu, were
radioactive and theilr presence in the apparatus introduced an additional
time-uncorrelated background. This latter background was essentially
constant in time and thus was determined by normalization to regions of the
observed time spectra forbidden to source—associated neutrons; e.g., to
flight-time domains corresponding to neutron energies well below the actual

detector response ranges.



C. Fission—-neutron Corrections

Each of the actinide measuremants included a fission-neutror component
which made a large contribution to the mezsured values in some cases.
The fission—-neutron component was removed using two different correction

methods.

In the first approach, a Maxwellian fission-neutron spectrum with a
temperature T = 1.333 MeV was fitted to the higher-energy portion of the
measured time-of-flight spectra; i.e., the portion above the elastic-
scattering peak. These fitted fission-neutron spectral shapes were sub-
tracted from the neutron—-emission components defined within the specified
scattered-neutron resolutions. The resulting fission-gpectrum—sudtracted
values were corrected further for multiple-events, heam—attenuation, and
angular-resolution effects as cited above. The final results were fully
corrected differential pseudo-elastic—scattering cross sections including
inelastically-scattered components up to a quantitatively defined excitation

energy.

The second approach reduced the observed time~of-flight spectra to
differential-neutron-emission cross sections inclusive of fission-neutron
contributions and inelastic-scattering components within a well defined
excitation—energy range. These emisgion cross sections were then corrected
to obtain the pseudo—elastic-scattering cross sections using a monte—
carlco simulation of the measurements. That simulation was based upon: the
observed emission cross sections, the weil-known neutron total and fission
cross sactions, and nubar (neutrons emitted per fission) and its energy
dependencelsn Fission—neutron spectra were assumed to have a Maxwellian
form with 2 temperature T = 1.333 MeV. Inelastic neutron scattering corres-
ponding to excitations beyond the experimental energy resolution was con-—
sidered. Neutron capture cross sections are relatively very small and thus
they were ignored. Otherwise, all aspects of the neutron interaction were
given detailed attention. The requisite input parameters are known to good

accuracies.

The two methods led to remarkably consistent pseudo—elastic—scattering
results; the resulting angle-integrated cross sections frequently differ
by less than 1%Z. The second, simulation, method was judged to be the more
reliable as it was less sensitive to experimental statistical uncertainties.
However, the results obtained using these methods generally imply inelastic-
scattering cross sections differing by considerably less than the collective
uncertainties attributable to other causes.

ITI. EXPERIMENTAL RESULTS

The measurements were made in approximately eight energy intervals
distributed between = 1.0 and 3.5 MeV and at > 20 scattering angles in
the range = 16 to 160 deg. Two measurement periods were involved

~



providing considerable redundancy in the determination of the experimental
values. Incident-neutron-energy resolutions we.e = 50 to 70 keV. The
well-defined scattered-neutron resolutions were larger and varied with
target aud incident-energy. Generally, they were selected to ieflect known
and prominent 1nelastic—scatter;n§ processes; e.g., the inelastic excitation
of the = 45 keV (2+) levels in 23204 or 238 vas always included with

the elastic~scattering component.

As outlined above, normalization of the actinide results was dependent
upon the observation of differential-elastic scattering from carbon.
Therefore, the carbon-scattering measurements were given careful attention.
A representative experimental carbon result is shown in Fig. 1. Generally,
and in this example, eighty differential~carbon values were obtained at each
incident energy, representing four redundant values obtained at each of the
20 measurement angles. The statistical uncertainties of the measured values
were generally S 1% and the results were consistent to within the
cexperimental uncertainties as illustrated in Fig. 1 where often the
points obtained at a single angle are indistinguishable. The example of
Fig. 1 is at an energy where the carbon distribution displays a prominent
and well-known interference minimum,16 thig provides a physical verification
of the angular scale of the measurement system. The angle-integrated carbon
elastic scattering cross sections were determined by fitting the observed
differential distributions with 6th-order Legendre series. Alternate
choices of the order of the fit {e.g., 8th_grder) led to similar angle-
integrated cross sections (e.g., differing by fractional-percent amounts).
The angle—~integrated carbon elastic-scattering cross sections were related
to the measured total cross sections to obtain the absolute normalization of
the measurement system as outlined above.

Differential-scattered-neutron distributions for the six actinide
samples were measured concurrently with the above carbon measurements.
Generally, forty values were obtained for each sample and incident—energy,
yielding sufficient redundaney at each scattering angle to test experimental
consistency. The measured differential emissicn cross sections were cor-
rected for multiple-events, beam—attenuation, angular resolution, back-
grounds due to radioactivity, and fission-neutron contributions using the
alternate procedures outlined above. The corrected results were pseudo-
elastic-scattering eross sections incluysive of inelastically-scattered
components corresponding to the excitation of levels up to an experimentally
well defined low energy. 1llustrative ictinide angular distributions are
shown in Fig. 2. The statistical accuracies of the individual differential
values were generally <az. Systematiec uncertainties due to calibra-
tion and correction procedures were estimated to be 2-3Z. The larger and
denser sanples with low radioactivity and small fission cross sections (e.g.

*GU) gave the best results. The values were less accurate for the smaller,



Fig. 1 Differential-elastic—scattering cross sections of carbon at an
incident neutron energy of 3.55 MeV. Eighty measured values are
indicated by data syatols which are often essentially superimposed.
The curve is the result of a Legendre—series fit to the data.
(dimensionality is b/sr and lab~deg.)
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cgnned and very active samples with large fission cross sections (e.g.,
U) Despite these latter problems, the neutron distributions obtained
for all the actinide samples were well defined as illustrated in Fig. 2.

The present objective was the derivation of the implied inelastic-—
scattering cross sections, thus the emphasis was on the angle-integrated
scattering cross section values. The latter were obtained by fitting the
measured differential distributions with 8th~order Legendre series. The
angle—~integrated results were not particularly sensitive to the order of the
Legendre series used in the fitting procedure. The quality of the fit to
the measured data is illustrated in Fig +« The resulting angle—integrated
cross sections were believed known to » 3%Z. This uncertainty was
dominated by uncertainties in detector calibration which were not correlated
from measurement period to measurement periocd. Thus, it was gratifying to
note that reproducibility was generally consistent with the above uncer-

tainty estimates.

IV. DISCUSSION

The above pseudo-elastic—scattering cross sections imply inelastic
scattering cross sections. The derivation required neutron total cross
sections which were taken from work previously reported from this labora-
tory7. At the relevant energies, these total cross sections are known to
£ 1 1/2% and consistent with previously reported results. The
necessary neutron—capture cross sections were taken from ENDF/B—V, and a
10%2 uncertainty was assumed. The capture process has very little influ-
ence on the results. The intergretation also requires knowledge of the
fission cross sections. The Th and 238 fission cross sections and
associaced uncertainties were taken from refs. 3 and 2, respectively. The

33y and 23°U fission cross sections were taken from ENDF/E-V. The 233y
uncertainties were taken from the EMDF/B-V, and then it was assumed that the

3334235y figsion ratio was known to 1 1/2%. The 233y fission cross section
uncertaiaty was obtained from these two uncertainties. 233y and 240py
fission cross sections, and associated uncertainties, were derived from the
ratios to 239U fission cross sections in a similar manner using the Pu/ 235y
figssion-cross-section ratios given in refs. 18 and 19, respectively.
Generally, the fission cross sections derived in the above manner were
consistent with those given in EJDF/B-V (identically so in the case of

235y). The total-inelastic-scattering cross sections, above a well gpeci-
fied and low excitation energy, were obtained by combining the present
experimental resuleis with the above neutron total and partial cross sections.
These are the inelastic-scattering cross sections that primarily influence
energy transfer in FBR systems. The respective numerical values are set
forth in Tables 1-A to F. The total-inelastic-scattering cross sections
deduced from the present measurements are compared with the comparable

quantities derived from ENDF/B-V in Fig. 3.

The present measurements imply 232py inelastic-scattering cross sec—
tions to =~ 6-8% uncertainties except for the lowest-energy (0.93 MeV)
value where the uncertainty is larger, since the difference between two



Fig. 2 Illustrative gseudo-elastic-scattering cross sections for 232Th,

233U 5U 23 , Pu and 240py, The measured values are
denoted by data symbols with 40 measurements per distribution.
The curves indicate the results of Legendre—fits to the measured
values. Incident energy in MeV is noted in each portion of the
figure (dimensionality is b/sr and lab~deg.).
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large and similiar numbers is involved (see Table 1~A). Generally, the
present inelastic~scattering results are in very good agreement with com—
parable values derived from ENDF/B-V as illustrated in Fig. 3. There is a
discrepancy at the lowest measured energy. Here the measurements have a
larger uncertainty, but it is noged that the value is very similiar to that
obtained at the same energy for 23 (see below) and the two nuclides are
similiar. This suggests that the ENDF/B-V 23 evaluation underestimated
the excitation of very low-lying levels at incident energies of = 1 MeV;
the information available for evaluation in this region was of marginal
quality.

The present measurements imply the inelastic-—scattering crcss sections
of 238y to within 7-9%, again excepting the lowest-eneizy (0.93 MeV) value
where the uncertainties are larger for the same reasons cited above (see
Table 1-D). The present 238y inelastic-scattering cross sections are in
excellent agreement with the comparable quantities derived from ENDF/B-V as
illustrated in Fig. 3.

The 235y inelastic-scattering cross sections implied by the present
measurements have uncertainties of 11-12% (see Table 1-C), again except for
the low-energy 0.93 MeV value which is not as well kpnown. 0.93 MeV is an
unfortunate incident energy in the case of 2350; it 18 near a region
where the fission cross section changes rapidly with energy, and small
variations in incident energy scale and/or resolution can significautly
effect the inelastic-scattering result. This 235y fission-cross-secticn
uncertainty at = 0.93 MeV may also be reflected in the 23%y; results
since the fission cross section of the latier isotope 1s often determined
relative to that of 235y, Otherwise, the 235y inelastic-scattering cross
sections deduced from the present measurements are in reasonably gzood
agreement with those obtained from ENDF/B-V, as shown in Fig. 3. The
consistency 1s generally within the uncertainties of the present measure-
ments alone, and some uncertainty must be associated with the evaluation.
This generally good agreement supports the previously described treatment of
fission-neutron corrections since the 235U fission cross sections are large
throughout the energy range of the present measurements.

The uncertainties associated with the present 233y inelastic-scattering
results are = 17-24% (see Table 1-B). These relatively large values
reflect the very large fission cross section (and consequently small inelastic-
scattering cross section) throughout the measured energy range. An addi-
tional experimental factor was the relatively high radioactivity of the
samples. This particular case was the most difficult from the standpoint of
fission-neutron corrections to the experimental observations. Despite these
problems and uncertainties, the present experimental results are in very
good agreement with those obtained from ENDF/B-V, as illustrated in Fig. 3.

The inelastic-scattering cross sections of 240py derived from the
present measurements are uncertain to x 14~192 (see Table 1-F). These
results are compared with corresponding quantities derived from ENDF/B-V in
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Fig. 3 Neutron total-inelastic-scattering cross sections of 2:"z'l'h,
233y, 235y, 238y, 239%y,, and 24%Pu. Values deduced from the
preaent measurements are noted by 0. Comparable values
derived frem ENDF/B-V and the evaluation of ref. 21 are
indicated by J§ and X, respectively. Curves are "eyeguides”
referenced as follows; present results, —— —— —— ENDF/B-V,
and —— — — — the evaluation of ref. 21.




g,b

232Th

T t T

! | A | i1

1 1 1 1
- 238U ;%
1 i 1 1
I~ ——'-___.._
| 239 — 4 e o
i PU“ s * 1, +T
i 1 1 L 1
[ e ol e -—
- 24%py T
L




14

Fig. 3. The present results are & 20-302 lower than those deduced from the
File, and the discrepancy increases with energy. This discrepancy could be
explained as a failure on the part of the evaluation to take proper account
of the direct excitation of the low-lying levels of the ground-state-
rotational-tand of this even-even nucleus.

The 239y inelastic~scattering cross sections deduced from the present

measurements are uncertain to = 15-20% (see Table 1-E). There are
two exceptions: 1) the suspect 0.93 MeV value noted above, and 1i) what
appears to be a somewhat anomalous experimental value at 3.48 MeV. Even
given thege uncertainties, the present Pu inelastic-scattering results
are 30-502 lower than implied by ENDF/B-V, as illustrated in Fig. 3. These
are very large discrepancies in a cross section of an essential FBR material.
It is difficult to attribute these discrepancies to exgerinental error. The
other five nuclides were measured concurrently with Pu, and the results
for four of them are reasonably consistent with ENDF/B-V. The fission cross
section of 23%u 1s no larger than that of 2 U and the 233y results are in
good agreement with ENDF/B-V. Thus, the fission—neutron corrections see- to
be suitable. The 239y sample was large, with the consequence of §
statistics, and the radioactive background was small. Moreover, 9Pu and

3y are similiar odd nuclei with similar total and fission cross sections
and excited~level structure. Thus, one might expect somewhat similar
inelastic-scattering cross sections. The present experimental results are
consistent with that expectation; the ENDF/B~V evaluations are very different.
In addition, the present experimental results are reasonsbly comnsistent with
the results of calculations b{.Jary,20 and with the values deduced from the
evaluation of Antsipov et al. 1 ag illustrated in Fig. 3.

In summary, the present work suggests that 232Th, 233U, 235y, and 23%y
total-inelasti-~~scattering cross sections over the incident energy range
=~ 1.0--3.5 MeV involving energy tranfers of more than several 100 keV as
given in ENDF/B-V are correct to within the respective uncertainties.
Thus, improvement in the understanding of inelastic scattering from these
four nuclides should probably focus upon a better determination of energy
transfer within an essentially fixed total-inelastic-scattering cross
section. The present experinents also suggest that the inelastic-scattering
cross sections of 23%u and 2*0Py as given in ENDF/B-V are too large by
%~ 30-50% and = 20-30%, respectivelg These are large discrepancies
and, particularly in the case of %P4, not consistent with frequently cited

FBR accuracy goals.1
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Table 1-A, 2327h Inelastic Scattering

A

B

c

D

E

F G H
Eq (MeV) Ey (MeV) o, (b) 0g (b)© gc (b)P Tgcat_(b) Oexp (D) Z{nel (b)
= C-D-E = F=G
0.93 > 0.09 7.10 + .1073  0.0013 + .0008  0.i37 + .0l4  6.962 + .108  5.79 + .231  1.171 + .255€
(7.05)b (+ 22%)
1.48 > 0.18 6.90 + .1032  0.064 + .003 0.091 + .009  6.745 + .103  4.53 + .136  2.215 + .171
(6.89)b (4.50)d (£ 7.72)
1.50 > G.18 6.91 + .1042  0.072 + .003 0.091 + .009  6.747 + .104  4.50 + .135  2.247 + .170
(6.90) (4.50)d (+ 7.6%)
1.85 > 0.18 7.14 + .1078 0,089 + .006 0.067 + .007  6.984 + .107  &4.44 + 133 2,544 + .171
(7.06)P (+ 6.7%)
2.48 > 0.30 7.58 + .1143  0.115 + .008 0.040 + .004  7.425 + 114 4.48 + 134 2.945 + .176
(7.48)b (4.48)d (+ 6.0%)
2.55 > 0.30 7.61 + .1142  0.116 + .008 0,040 + .004  7.454 + (114  4.84 + 145  2.614 + .184
(7.53)P (4.80)d (+ 7.0%)
3.48 > 0.35 8.05 + .1218  0.144 + .006 0.023 + .002  7.883 + .121  5.21 + .156  2.673 # .197
(7.90)b (5.22)4 (+ 7.4%)
3.55 > 0.35 8.05 + .1218  0.144 + .006 0.023 + .002  7.883 + .121  5.08 + .152  2.803 * .194
(7.90)b (5.08)d (+ 6.9%)

4Taken from W. Poeunitz et al., ref. 7.

bTaken from ENDF/B-V, ref. 8.

CTaken from ANL/NDM-35, ref. 2.

dTaken from stripped spectra, see text.

€Errors combined in quadrature.



Table 1-B, 233y Inelastic Scattering
A B c D E F G H
En (MeV) Ey (MeV) g, (b)a O¢ (b)b 0. (b)b Oscat (b) Jexp (D) Oinel (b)
= C-D-E = F-G
1.48 > 0.13 6.75 + .101 1.904 + .051¢ 0.032 + .003  4.814 + .113  4.08 + .122  0.734 + .166
(6.748)b (3.98)  (+ 22.6%)
1.50 > 0.13 6.76 + .101 1.907 + .051¢ 0.032 + .003  4.821 + .113  3.94 + .118  0.881 + .163
(6.788)b (3.92)d (+ 18.5%)
1.85 > 0.18 7.06 + .106 1.940 + .052¢ 0.019 + .002  5.101 + .118  4.15 + .125  0.951 + .172
(7.041)b (4.04)d (+ 18.1%)
2.48 > 0.30 7.53 + .113 1.922 + .061¢ 0.0075 + .0008 5.600 + .128  4.54 + .136  1.061 + .187
(7.551)b (4.46)d (+ 17.6%)
2.55 > 0.30 7.56 + .113 1.914 + .061¢ 0.0075 + .0008 5.639 + .128  4.75 + .143  0.889 + .191
(7.595)b (4.57)d (& 21.6%)
3.48 > 0.35 8.02 + .120 1.779 + .056¢ 0.0023 + .0002 6.239 + .132  5.36 + .161  0.879 + .208
(7.925)b (5.29)4 (+ 23.7%)
3.55 > 0.35 8.02 + .120 1.768 + .056¢ 0.0023 + .0002 6.258 + .132  5.28 + .156  0.978 + ,204
(7.93)b (5.08)d (+ 20.9%)

8Taken from W. Poenitz et al., ref. 7.

bTaken from ENDF/B-V, ref. 8.

CAssuming 235y uncertainties of ref. 8 and 1~1/2% uncertainties on the 233U/235U ratio.

dvalues obtained by spectrum stripping, see text.



Table 1-C, 235y Inelastic Scattering

A B c D E F G H
Ep (MeV)  Eyx (MeV) g, (b)a O (b)b 0. (b)b Tgcat_(b) Oexp (b) %4nel (b)
. = C-D-E = (F-G) x kd
0.93 > 0.09 7.01 + .1058  1.188 + .030 0.121 + .012  5.701 + .110  5.02 + .200  0.662 + .228
(6.94)b (5.00)¢ (+ 342)
1.48 > 0.18 6.83 + .1028  1.249 # .031 0.075 + .008  5.506 + .107  4.17 + .125  1.303 + .164
(6.78)b (4.15)C (+ 12.6%)
1.50 > 0.18 6.84 + .1032  1.252 + .03l 0.075 + .008  5.513 + .108  4.28 + .128  1.194 + .167
(6.79)b (4.26)¢ (+ 14.8%)
1.85 > 0.18 7.10 + .1072 1,291 + 0.032 0.059 + .006  5.750 + .112  4.32 + .129  1.389 * ,171
(7.04)b (4.31)¢ (+ 12.9%)
2.48 > 0.30 7.57 + .1148 1,270 + .038 0,042 + .004  6.258 + .120  4.70 + .141 1,516 + .185
(7.56)b (4.67)¢ (+ 12.2%)
2,55 > 0.30 7.60 + ,1148 1,263 + .038 0.042 + ,004  6.295 + .120  4.85 + .146 1,397 + .189
(7.60)b (4.79)¢ (+ 13.5%)
3.48 2 0.30 7.95 + .1192 1,176 + .035 0.029 + .0029  6.745 + .124  5.37 + .164  1.323 + .206
(7.93)b (5.34)¢ (+ 15.6%)
3,55 > 0.30 7.96 + 1198 1,169 + .035 0.029 + .0029  6.762 + .124  5.11 + .153  1.615 * .196
(7.93)b (5.10)¢ (+ 12.1%)

ATaken from W. Poenitz et al., ref. 7.

bTaken from ENDF/B-V, ref. 8.

CTaken from gtripped apectra, see text.

d*k" {s the correction for 238y content of the sample.



Table 1-D, 238y Inelastic Scattering

B

c

D

E

F G H
En (MeV) E, (MeV) o, (b) o (b)© o, (b)b Ogcat (b) Oexp (D) %inel (b)
= C-D-E = F-G
0.93 > 0.09 7.21 + .1088  0.0166 + .00l 0.125 + .012  7.068 + .109  6.12 + .240  0.948 + .263
(7.18)b (+ 272)
1.48 > 0.18 7.04 + .10632  0.330 + .010 0.057 + .006  6.653 + .107  4.62 + .138  2.033 + .174
(6.99)b (4.61)d (+ 8.61)
1.50 > 0.18 7.05 + .1068 0,347 + .010 0.057 + .006  6.646 + .107  4.66 + .139  1.986 + .175
(7.00)a (4.65)d (+ 8.8%)
1.85 > 0.18 7.23 + .1082  0.504 + .006 0.048 + .005  6.678 + .108  4.39 + .132  2.288 + .171
(7.198)a (+ 7.5%)
2.48 > 0.20 7.60 + .1143  0.539 + .016 0.028 + ,003  7.033 + .115  4.54 + .136  2.493 + .178
(7.632)a (4.54)d (¢t 7.1%)
2.55 > 0.20 7.63 + .11428 0,538 + .016 0.028 + .003  7.064 + .115  4.67 + ,140  2.394 + ,181
(7.678)a (4.64)d (+ 7.5%)
3.48 > 0.30 7.98 + .1208  0.533 + .013 0.015 + .002  7.432 + .121  5.24 + .157  2.192 + .198
(7.956)a (5.25)d (+ 9.0%)
3.55 > 0.30 7.99 + .1208  0.536 + .013 0.015 + .002  7.439 + .121  5.06 + .151  2.379 + .193
(7.970)b (5.02)d (+ 8.12)

4Taken from W. Poenitz et al., ref. 7.

bTaken from ENDF/B-V, ref. 8.

CTaken from ANL/NDM-32, ref. 2.

draken from stripped spectra, see text.



Table 1-E, 239y

Inelastic Scattering

A

B

c

E F G H
En (MeV) Ex (MeV) Oy (b)a af (b)¢c g, (b)b ascat (b) aexp (b) oj_nel (b)
= C-D-E = F-G
0.93 > 0.09 7.12 + .107 1.669 + .048 0.029 + .0029  5.42 + .121 4.93 + .246 0,492 + .274
(7.076)a (4.864)d (+ 55.7%)
1.48 > 0.18 7.02 + .106 1.952 + .052 0.013 + .0013  5.06 + .120 4.22 + .127  0.835 + .174
(6.998)3 (4.13)d (+ 20.82)
1.50 > 0.18 7.03 + .105 1.951 + .059 0.013 + .0013  5.07 + .119 4.15 + .124  0.916 + .172
(7.011)2 (4.08)d (+ 18.82)
1.85 > 0.18 7.16 + .107 1.968 + .056 0.0092 + .0009 5.18 + .121 4.11 + 123 1.073 + .172
(7.196)b (3.97)4 (+ 16.0%)
2.48 > 0.30 7.55 + .113 1.892 + .051 0.0048 + .0005 5.65 + .124 4.43 + 133 1.223 + .182
(7.621)b (4.26)d (+ 14.92)
2.55 > 0.30 7.59 + .113 1.895 + .051 0.0048 + .0005 5.69 + .124 4.74 + .142  0.950 + .188
(7.659)b (4.46)d (+ 19.9%)
3.48 > 0.30 7.95 + .119 1.825 + .049 0.0024 + .0002 6.12 + .128 5.45 + .163  0.673 + .208
(7.975)b (5.28)4 (+ 30.9%)
3.55 > 0.30 7.96 + .119 1.814 + .049 0.0024 + .0002 6.14 + .128 5.10 + .153  1.040 + .198
(7.976)b (4.98)d (+ 19.1%)

ATaken from W. Poenitz et al., ref. 7.

bTaken from ENDF/B-V, ref. 8.

CTaken from the 23%u/235y ratio values of ref. 18 and the 235y values

dTaken from stripped spectra, see text.

of ENDF/B-V, ref. 8.



Table 1-F, 240py 1nelastic Scattering

8

c

D

E F G H
En (McV)  Ex (MeV) g (b)23 O¢ (b)b ac (B¢ Ogeat (b) 9exp (b) Oinel (b)
= C-D-E = F-G
1.48 > 0.18 6.90 + .09 1.553 + .043 0.073 + .007 5.274 + .100  4.363 + .131  0.911 + .167
(6.94)¢ (4.226)d (+ 18.02)
1.50 > 0.18 6.91 + .09 1.553 + .043 0.073 + .007 5.284 + .100  4.325 + .130  0.959 + .164
(6.95)¢ (+ 17.12)
1.85 > 0.18 7.15 + .11 1.645 + .045 0.058 + .006 5.447 + 119 4.257 + .127  1.190 + .174
(7.14)¢ (4.171)d (+ 14.62)
2.48 > 0.30 7.50 + .11 1.677 * .038 0.039 + .004 5.784 + .116  4.579 + .138  1.205 + .180
(7.55)¢ (4.449)d (+ 14.9%)
2.55 > 0.30 7.57 + .11 1.673 + .038 0.039 + .004 5.858 + .116  4.760 + .143 1,098 + .184
(7.59)¢ (+ 16.82)
3.48 > 0.35 7.99 + .16 1.676 + .046 0.023 + .002 6.291 + 147 5.170 + .155 1.121 + .213
(7.95)¢ (5.110)4 (+ 19.0%)
3.55 > 0.35 8.00 + .14 1.669 + .046 0.023 + .002 6.308 + .147  4.920 + .147 1.388 + .207
(7.95)¢

(+ 14,92)

8Taken from W. Poenitz et al., ref. 7.

b240py /235y fission ratios from ref. 19 and 235y fission cross sections from ENDF/B-V, ref. 8.

CTaken from ENDF/B-V, ref. 8.

dyaiues obtained by spectrum stripping as describted in the text.



