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APPLIED NUCLEAR DATA RESEARCH AND DEVELOPMENT
SEMIANNUAL PROGRESS REPORT
October 1, 1982— March 31, 1983

Compiled by
E. D. Arthur

ABSTRACT

This progress report describes the activities
of the Los Alamos Nuclear Data Group for October 1,
1982, through March 31, 1983. The topical content
is summarized in the Contents.

I. THEORY AND EVALUATION OF NUCLEAR CROSS SECTIONS

A. Averaged Fusion Cross Sections for Polarized Plasma Applications [G. M.

Hale, P. W. Keaton (ADPA), G. D. Doolen (X-5)]

We have continued to study cross sections for thermonuclear reactions in-
duced by polarized particles, as interest in this subject increases in the fu-
sion community. We had given results1 for the d-t and d-d reactions when the
axis of quantization is along the center~of-mass incident momentum direction
(B = 0). Cross sections more appropriate for plasma applications, however,
are defined by holding the axis of quantization and outgoing momentum direction
fixed and averaging over incident momentum directions.

Such averaged cross sections are conveniently described in terms of the
angles o, B, and y, shown in Fig. 1, giving the relative orientations of the
spin quantization axis (or external B-field direction) §, and the incoming-

and outgoing-particle momenta, k and k', respectively.

yA
// /MA\\
.5' o 1
' Y
I
1
% NN\

Fig. 1. Center-of-mass coordinate system for describing polarized cross sections.
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The averaged cross sections for plasma applications are defined by

) L 2n 1
om’n(a) = I g dy {ld(COSB)Om,n(G,B,Y) )

and

1
oh,n = 2n {ld(cosa)cm,n(u) R

where om,n(a,B,y) is the polarized differential cross section for projections m
and n of the initial particle spins along S.

Reactions dominated by s-waves in the entrance channel have no dependence
on f, so the results given previously1 for the d-t reaction at § = 0 hold
almost equally well for the averaged cross sections. However, for the d-d
reactions, ah’n and Oh,n(B = 0) are quite different for spin configurations
[(myn) = (1,0) and (1,-1)] to which the p-waves contribute substantially.

The values for ah’n given in Table I for the d—g reactions lead to dif-
ferent conclusions from those based on - n(B = 0). At energies of a few
hundred keV, the best configuration for suppressing the cross section is (1,1)
and the best one for enhancing it (the enhancement being somewhat lower than
before) is (1,-1). These results were reported2 at a Workshop on Polarized
Fuel Reactors, held at Madison, Wisconsin, on March 28~30, 1983.

It was clear from the Workshop discussion that the main interest in polar-
ized d-d reactions stems from the prospect of suppressing them in a d-3He
reactor in order to make it more nearly neutron-free. The results of our
R-matrix calculations given in Table I indicate that suppressions of the d-d
reactions relative to d-3He (taking into account the enhancement of the d-3He
reaction by ~ 1.5 for parallel d and 3He spins) of the order of 3 are attain-
able. These suppressions probably are not large enough to be of interest, and
they differ significantly from the predictions of an earlier Russian study3 of
the D(d,p) reaction at 290 keV that gives much higher suppression. The feasi-
bility of a d-3He fusion reactor appears to depend critically on a reliable
determination of the suppression of polarized d-d reactions, either from fur-

ther analysis, or new measurements, or both.




TABLE I

POLARIZED CROSS SECTIONS FOR THE d-d REACTIONS

A. D(d,p)t
g g g g
B, (keV) o, (ub) 1,1 1,0 1,-1 0,0
g (0] (0] g
0 0 0 0
10 9.657x10"3 1.197 .814 .990 1.373
50 4.780 1.077 .872 1.052 1.257
100 16.05 .950 .933 1.117 1.134
150 25.86 .853 .987 1.161 1.027
200 33.68 .778 1.034 1.188 .933
300 45.14 .675 1.108 1.217 .783
400 53.18 .607 1.161 1.232 .678
500 59.10 .559 1.197 1.244 .607
B. D(d,n)¥
(0] (o) o O
E,; (keV) 0, (mb) 1,1 _1,0 _1,-1 9,0
(¢) g g (o)
0 0 0 0
10 8.647x1072 1.032 .845 1.122 1.309
50 4.497 .886 .928 1.186 1.145
100 15.87 .746 1.007 1.247 987
150 26.55 647 1.069 1.284 862
200 35.60 .575 1.120 1.305 760
300 49.70 481 1.195 1.324 609
400 60.08 424 1.245 1.331 .510
500 67.99 .386 1.278 1.336 445

¥Sum rule for cross sections

+ 401 + 20 + G

/920y ,0 1209 .1 % % 0) T %-




B. R-Matrix Analysis of Reactions in the 4He System (G. M. Hale and D. C.
Dodder)

Due to current high interest in polarized d-d reactions, as explained at
the end of the preceding contribution, we have reactivated our analysis of re-
actions in the 4He system, adding new polarization data4 for the d-d reactions.
We find that the new data do not materially change the results of the analysis,
because they were already in qualitative agreement with its predictions. The
fits including the new data reinforce our result, unfortunately, that polar-
izing the d-d reactions does not suppress them enough to make the d-3He reac-

tion chain an attractive neutron-free alternmative to d-t.

C. Complete Fokker-Planck Treatment of Slowing Down Due to Small-Angle
Charged-Particle Elastic Scattering [G. M. Hale and A. Andrade (X-2)]

The availability of complete theoretical expansions5 that give reliable
representations of the measurements for most of the elastic scattering proc-
esses among light ions has induced us to consider the nuclear and Coulomb-

nuclear interference components ( ) of elastic scattering cross sections in

0.
the Fokker-Planck (F-P) treatment oﬁlsmall-angle slowing down. Previous treat-
ments have included only the Rutherford cross section (OR). We find that inte-
grals over the angles of ONI occurring in the terms of the F-P equation can be
done analytically in terms of confluent hypergeometric functions and Legendre
polynomials. The remaining integrals over the velocity distributions of the
plasma ions are not difficult to perform numerically and can be done analyt-
ically under certain simplifying assumptions.

Our first test case, that of monoenergetic deuterium ions injected into a
plasma of '"cold" tritium ions and 1-keV temperature electrons, has been chosen
with 6-function ion distributions so that all integrals can be evaluated analyt-
ically. Shown in Fig. 2 is a ratio comparing the rate of average energy loss
due to the ONI component of the d-T cross section with the loss due to OR
alone, plotted as a function of deuteron injection energy. The losses are for
ion-ion collisions at center-of-mass angles up to 30°. This is perhaps a
larger angular range than is typically considered in F-P calculations, but one
should remember that we are not limited by the assumption that the cross sec-
tion is pure Rutherford.

One sees that, at deuteron energies above ~ 4 MeV, significantly more

energy is lost to the ions than would be predicted from considering Rutherford

4




scattering alone. The slight decrease in energy loss relative to Rutherford
scattering at energies below 4 MeV is due to Coulomb-nuclear interference ef-
fects. These results were reported6 recently at the Sherwood Plasma Theory
Meeting in Alexandria, Virginia. We are presently considering more realistic

cases having finite plasma ion temperatures.

15
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Fig. 2. Ratio of the average rate of energy loss due to ONT to the loss

due to %R for a d-t plasma at deuteron injection energies below 8 MeV.

Elastic collisions at center-of-mass scattering angles up to 30° have

been included in the Fokker-Planck calculation.




D. Hauser-Feshbach Parameter Studies for Nitrogen and Oxygen Cross-Section

Calculations (E. D. Arthur and P. G. Young)

Nuclear data evaluation for light elements often requires the use of theo-
retical models to provide cross sections for reaction channels or energy re-
gions where experimental data do not exist. Hauser-Feshbach calculations are
frequently used in such circumstances even though measured data show resonances
and other features that indicate departures from the statistical assumption
embodied in these models. Realizing these problems, we have derived input
parameter sets that reproduce a variety of experimental data and which may
offer some possibility for cross-section prediction.

Our most extensive effort has been concerned with the determination of
spherical optical model parameters applicable to nitrogen and oxygen isotopes.
We desired neutron optical parameters that could produce realistic compound-
nucleus formation cross sections over an extended energy range, while simul-
taneously producing transmission coefficients suitable to the description of
low-energy neutron emission. To derive such parameter sets, we simultaneously
fitted the average behavior of total and integrated elastic cross sections for
incident neutron energies between 0.1 and 16 MeV. We excluded explicit con-
sideration of elastic angular distributions because of the effects of resonance
structure on such data. However, we compared them later with results calcu-
lated using the final parameter sets, finding reasonable agreement. The opti-
cal parameters deduced from our fits appear in Table II. Figure 3 compares
calculated shape elastic cross sections for oxygen with data measured at Duke
University.7

We also investigated the behavior of other parameters for light nuclei,
most notably those associated with the Gilbert-Cameron8 level-density model.
The Cook parameters9 used in our Hauser-Feshbach calcuations do not extend be-
low neutron or proton numbers less than 10. This situation affects primarily
the determination of pairing energies applicable for use in light systems such
as nitrogen or oxygen. To remedy this, we tabulated the proton and neutron
pairing contributions [P(Z) and P(N), respectively], observed their systematic
behavior, and extrapolated to Z or N = 5 on this basis. The results of this
extrapolation appear in Figs. 4-a and 4-b, where the solid curves illustrate
the existing P(Z) or P(N) values and the dashed regions indicate our extrapola-
tion. A similar procedure was followed for the shell terms, S(Z) and S(N),
used in the determination of the Fermi-gas parameter a, through the Gilbert-
Cameron expression

6 a/A = 0.00917[S(Z) + S(N)] + 0.142




The smallness and opposite signs of S(Z) and S(N) cause their precise values to
be of secondary importance when compared with the constant in the above expres-
sion. We did, however, check the inferred a values through comparison with ob-

served resonance spacing data where possible.

TABLE II
OPTICAL MODEL PARAMETERS FOR NEUTRON REACTIONS ON LIGHT NUCLEI®

Nitrogen r a
V = 48. - 0.2E - 0.0008E2 1.35 0.70
VSO =7.0 1.31 0.66
WSD = 2.5 + 0.625E 1.26 0.51
Above E = 4.8 MeV
wSD = 5.5
Oxygen
\Y = 47. - 0.28E - 0.02E2 1.38 0.71
VSO =7.0 1.3 0.66
wSD = 1. + 0.8E 1.2 0.4
Above E = 5 MeV
WSD = 5.

2A11 well depths in MeV, geometrical parameters in fermis, energies (E) are in
the laboratory system.

]
—_
%)
z
(-4
B
/m
A
Sa.
. . 2
Fig. 3. Shape elastic cross (7]
sections for n+1%0 calculated N
with the optical parameters O
of Table II are.compared with % o
the data of Beyerele et al.? o
g T T T
8.0 10.0 120 140 16.0

NEUTRON ENERGY (MeV)




Py
P g
|||||||||
llllllll
lllllllllll
lllllll
llllllll

0t 02
(A3W) (2)d

Fig. 4-a.

~azlll
----------

Fig. 4-b.

The

Fig. 4-a and 4-b. Trends in proton and neutron pairing contributions [P(Z) and

P(N)] for level-density calculations employing the Cook parameter sets.®
dashed portions are our extrapolation of these parameters to smaller Z and N

values.



E. Evaluation of Neutron-Induced Reactions on 15N (P. G. Young and E. D.
Arthur)

The evaluation of n+15N data currently in the ENDF/B-V data library was

completed in 1977.10 Below En = 5.4 MeV, the evaluation is based on an R-ma-
trix analysis of total and elastic scattering angular distribution measurements
and is thought to be reasonably reliable. At higher energies, however, experi-
mental data are more sparse and consist almost entirely of total cross-section
data. In particular, at energies above 5.4 MeV the evaluation relies complete-
ly on Hauser-Feshbach statistical theory calculations to distribute the meas-
ured total cross sections among an abundance of partial reaction channels.
Since 1977, considerable new information has become available on the nuclear
level structure of nuclei in this mass region, and improved methods for apply-
ing Hauser-Feshbach statistical theory have been developed. The purpose of the
present analysis is to apply these new methods and information to upgrade the
ENDF/B~V evaluation above 5.4 MeV.

The Hauser-Feshbach statistical calculations were performed using the
GNASH nuclear model code.11 A schematic illustration of the various reaction
sequences used in the calculation is included in Fig. 5, with Q-values and
energy thresholds given in Table III. The input quantities required for the
calculations were the transmission coefficients for neutrons, protons, deuter-
ons, tritons, alpha particles, and gamma rays; energies, spins, parities, and
gamma-ray branching ratios for discrete energy levels in each residual nucleus
(see Fig. 5); nuclear level-density parameters to describe the "continuum"
region of the residual nuclei where individual level data are incomplete; and
parameters for preequilibrium corrections of the binary reaction channels for
incident energies above ~ 10 MeV.

Discrete nuclear level information for the calculations was obtained from

the recent compilations by Selove,12’13’14

and the level-density formulation of
Gilbert and Cameron8 was utilized at higher excitation energies. This level-
density model consists of a constant temperature form at low excitation energy
joined smoothly to a Fermi-gas shape at higher energies. The total number of
levels of 15N, which is the most important residual nucleus in these calcula-
tions, is shown in Fig. 6. The solid curve indicates a constant temperature
form, and the dashed curve is a Fermi-gas shape joined at Ex = 10.8 MeV. Below
10.8 MeV, the actual levels (points) were used in the calculation, and the
Fermi-gas shape was employed at higher energies. Although level densities are

usually quite important in calculations of this nature, their significance in

9




Fig. 6. Cumulative number of
nuclear energy levels in 15N
as a function of the excita-

tion energy. The squares in-
dicate measured data; the

solid curve is

from a temperature (T = 2.6
MeV) level-~density expres-

calculated

sion; and the solid curve

is calculated using a Fermi-

gas shape (a =

10

2.1 Mev 1),
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Fig. 5. Schematic diagram of
the reaction sequences calcu-
lated for neutrons incident
on 15N,
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the present case is lessened by the large amount of discrete level data avail-
able for the relatively light nuclei involved. For example, with 14-MeV inci-
dent neutrons, we only have to extrapolate the 15N level density ~ 2.3 MeV
above the measured region.

The most important (variable) input for the calculations is the neutron
transmission coefficients. These quantities were determined from spherical
optical model calculations using the parameterization described in the previous
article (Section D). Global spherical optical model parameters were used to
calculate transmission coefficients for the proton,15 deuteron,16 triton,17 and
alpha18 channels. Gamma-ray transmission coefficients were determined using a

- giant dipole resonance model,lg’20

14

with normalization inferred from comparisons

of calculated 14

N(n,y) cross sections with ~ N(p,y) measurements. The result
agreed approximately with that obtained from normalizing a calculated gamma-ray
strength function to 2nﬁry>/<Do> values inferred from the measured 15N-level
structure.

Portions of the results of the new evaluation are shown in Figs. 7-12. In
all cases, the solid curve indicates the present results and the dashed curve
is ENDF/B-V.

Figure 7 compares the ENDF/B-V 15

N total cross-section evaluation, which
was also used for the present evaluation, with the experimental data of
Zeitnitz21 from 6 to 20 MeV. The evaluated elastic cross sections are compared
over the same energy range in Fig. 8. The new elastic results, which are Z 20%

higher than ENDF/B-V above 11 MeV, are much more consistent with measured data

for 14N.

The (n,n') and (n,2n) cross sections are shown in Fig. 9, and the (a,p)
and (n,d) cross sections are compared in Fig. 10 with the very limited experi-

22,23

mental data that are available. The increase in the elastic cross sec-

tion above ENDF/B-V noted above was accompanied by significant decreases in the
(n,2n), (n,p), (n,a), and (n,np) cross sections. Changes were less dramatic in
the total (n,n') and (n,d) cross sections, although significant modifications
did occur for (n,n') reactions to individual states.

The total gamma-ray production cross section is given in Fig. 11. Changes
between evaluations are greatest in this quantity from 8-13.5 MeV. The spectra
of secondary gamma rays from 14-MeV incident neutrons are compared for the two
evaluations in Fig. 12. While the differences are not profound, the new cal-

culations do result in a somewhat harder gamma spectrum.

11




TABLE III

Q-VALUES AND ENERGY THRESHOLDS FOR n+ >N REACTIONS BELOW 20 MeV
Q-Value Threshold
Reaction (MeV) (MeV)
15N (n,y) o 2.491 —
By, nt ) Pyx -5.270 5.625
15y (n,2n) 4N -10.833 11.561
By (a,p) e -8.989 9.594
Byn,a) e -7.983 8.520
Ly, )3 -3.902 10.568
Ly (n,0) %8 -7.621 8.134
5% (n,np) ¢ -10.207 10.893
LN (a,nd) 3¢ -16.159 17.246
15y(n,nt) %c -14.848 15.846
ByN(a,na) B -10.991 11.730
15%(n,20p) 3¢ -18.384 19.620
& . ' - . . y
o
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Fig. 7. Experimental and evaluated neutron total cross section of 15N from
6 to 20 MeV. The solid curve is the present evaluation, the dashed curve is
ENDF/B-V, and the points are the data of Zeitnitz et al.2?1
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Fig. 10. Measured22,23
and evaluated cross sec-
tions for the !5N(n,p)
[upper] and 15N(n,d)
[lower] reactions from
threshold to 20 MeV.
The solid curve is the
present evaluation, the
dashed curve is ENDF/B-
V, and the points are
experimental data.
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Fig. 12. Evaluated spectra of secondary gamma rays from 14-MeV neutron inter-
actions on !5N. The solid curve is the present evaluation, while the dashed
curve is ENDF/B-V.

F. Calculation of n+239Pu Cross Sections up to Neutron Energies of 20 MeV

(E. D. Arthur)

Earlier (see Ref. 24, p. 28, and Ref. 25) we reported Hauser-Feshbach/

coupled-channel calculations for n+239Pu reactions over the neutron energy

range from 0.001 to 5 MeV where the primary interest was the determination of
realistic inelastic cross sections. We now report extension of these calcula-
tions up to 20 MeV where again the principal motivation was production of
realistic inelastic cross sections that could be used in a new revision to the

current ENDF/B-V evaluation for 239

Pu. We were also interested in (n,2n) and
(n,3n) processes because of the scarcity of experimental measurements or theo-
retical calculations.

To perform most of the higher energy calculations we used the GNASH Hauser-
Feshbach statistical model code,11 which includes preequilibrium corrections

necessary at higher energies. As we reported earlier (see Ref. 26, p. 18), the

15




code now includes a realistic fission model description for each compound nu-
cleus occurring in a given calculation. This model allows us to describe the
fission barrier using 2 or 3 uncoupled oscillators and includes suitable
flexibility needed to describe the fission transition state spectrum at each
barrier as well as level-density enhancements that may occur there. We also
extended our ECIS27 coupled-channel calculations to 20 MeV in order to deter-
mine direct-reaction contributions to inelastic scattering as well as to pro-
vide neutron transmission coefficients for use in the GNASH calculations. To
do so we employed the deformed neutron optical model parameters we reported
earlier (see Ref. 28, p. 15).

Multichance fission contributions [(n,nf), (n,2nf), etc.] occurring at
higher incident energies introduce complications into Hauser-Feshbach calcula-
tions of the total fission cross section. Their presence leads to conditions
in which the adjustment of numerous fission parameters is required. Because
of unknowns associated with the higher energy behavior of these various compo-
nents, shape uncertainties can be introduced into the total calculated fission
cross section. Finally, because higher energy Hauser-Feshbach calculations can
be time consuming and costly to perform, reliable fission parameter adjustments
can be difficult to achieve, especially in the cases in which not enough infor-
mation is available for parameter constraint.

To minimize such difficulties, we used, as independent sources of data,
direct-reaction fission probabilities (Pf) and newly measured29 neutron-induced

238P

fission cross sections on u. Such data sources allowed us to introduce

additional constraints for barrier parameter determination associated with the
239Pu and 238Pu compound nuclei occurring in second- and third-chance fissiomn.
In the analysis of these data, we employed fission models identical to the ones
we ultimately used in our calculation of the total n+239Pu fission cross sec-
tions. Additionally, in the case of Pf data, we accounted explicitly for spin
population differences occurring between direct-reaction and neutron-induced
reactions. The net result of these analyses was a reliable set of starting
barrier parameter values for use in our higher energy n+239Pu calculations.

Examples of fits to these data types appear in Figs. 13-15. In Fig. 13 we

compare our calculated 238

et al.29 In this case we did not attempt to optimize the fit to the data below
239 '
Pu(n,n'f)

reaction is not particularly sensitive to this behavior. The barrier parameters

Pu(n,f) value with the recent data of Budtz-Jg¢rgensen

0.1 MeV because our application of the barrier parameters to the

16
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*H. C. Britt, Los Alamos National Laboratory, provided this information in
September 1982. 17
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Fig. 15. Our fits to fission probabilities (P,) measured in the
238Np (3He,df) 238Py reaction, which were used to determine 238Py
barrier parameters appearing in Table IV, are compared with data.*
In these calculations, explicit account was taken of the compound
nucleus spin populations produced in this direct reaction.

239

deduced from the data fit the onset of the Pu(n,n'f) cross section reason-

ably well, as we will show later. However, they disagree substantially with

parameters required to fit fission probabilities for 239Pu, as determined from

238

use of Pu(d,pf) reaction data. This situation is illustrated in Fig. 14.

We suspect that this disagreement stems from problems in deuteron breakup

corrections applied in the analysis of this reaction. More reliable P_. data

f
237Np(3He,df)

reaction.* Figure 15 shows our fit to these data after explictly accounting

exist for the 238Pu compound nucleus, as obtained through the

for the spin population produced in the (3He,df) direct reaction.
Small adjustments were made in the barrier parameters obtained from these

analyses to optimize agreement to measured data in our calculations of the

239P

total fission cross section for u. These adjustments were small and our

*H. C. Britt, Los Alamos National Laboratory, provided this information in
September 1982,
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final parameters are summarized in Table IV. Figure 16 compares our calcula-
tion (solid curve) with data measured by Kari.30 The dashed and dotted curves
illustrate the higher energy behavior that we calculated for the (n,n'f) and

(n,2nf) contributions to the total fission cross section.

TABLE IV
FISSION PARAMETERS FOR n+2-> Pu CALCULATIONS®
Barrier Height hw Density
(MeV) (MeV) Enhancement

240p,) A 5.8 0.8 16

B 5.45 0.6 2
239, A 5.7 0.60 2.5

B 5.05 0.50 2.5
238p, A 6.1 0.9

B 5.55 0.85

®The nuclei appearing in the table are compound nuclei populated in the multi-
chance fission of n+23%°Pu. The inner and outer fission barriers are labeled A

and B, respectively. The density enhancement shown is multiplied by U% for ex-
citation energies, U > 1 to obtain an overall level-density enhancement.

A main purpose for the extension of these calculations to higher energies
was determination of inelastic-scattering cross sections from threshold to 20
MeV. For low-lying levels that occupy the ground-state rotational band, the
main contribution for neutron energies above a few MeV comes from direct-reac-
tion contributions that we calculated using the ECIS code. For higher lying
levels, including those built on other bandheads, we assumed only compound
nucleus contributions, so that their inelastic cross sections are essentially
negligible above 5-6 MeV. However, there are significant contributions to con-
tinuum inelastic scattering occurring from preequilibrium corrections applied
in our calculations. This behavior is illustrated in Fig. 17. More details
concerning these calculated inelastic cross sections appear in the following

section that deals with changes incorporated in the revision to the 239Pu

ENDF/B-V evaluation. 19
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Other reactions of interest are those involving (n,xn) processes. In our
calculations their magnitudes are quite sensitive to the description of the
competing fission process occurring for a particular compound nucleus. Thus,
for example, the calculated (n,2n) cross sections depend significantly upon
the theoretical description of the (n,n'f) competing reaction. In the past,

we have achieved good success in the description of the energy behavior of the
235

239Pu experimental data exist only around 14 MeV, comparison with them pro-

U(n,2n) cross section using a somewhat cruder fission model. Even though

vides a measure of the reliability of the calculation. Figure 18 shows the

agreement obtained in this instance.
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Fig. 18. A comparison of calculated 23°Pu(n,2n) and (n,3n) cross sections with
(n,2n) data available around 14 MeV.¥

*R. Lougheed, Lawrence Livermore National Laboratory, provided this data in
October 1982. 21




G. n+239Pu Evaluation for Revision 2 of ENDF/B-V (E. D. Arthur, P. G. Young,

R. E. MacFarlane, D. G. Madland)

A major updating of the ENDF/B-V evaluation of neutron-induced reactions

on 239Pu was performed in conjunction with issuance of Revision 2 of ENDF/B-V.

The primary motivation for updating the 239Pu evaluation was to incorporate
results from the theoretical analysis by Arthur (previous article, Sect. F),
which corrected serious inconsistencies between ENDF/B-V and the measurements
of the total cross section by Poenitz31 and scattering cross sections by

Smith.32 Additionally, serious discrepancies between the Version V evaluation

and new measurements of the prompt fission neutron multiplicity (v_) by Gwin33
and by Frehaut34 were corrected; and the shape of the fission neutgon spectrum
was changed from a Watt representation to the newly developed Madland-Nix for-
mulation,35 which gives a more reliable description of the spectra, particular-
ly for secondary neutrons above 10 MeV.

Inclusion of the new theoretical calculations resulted in significant
changes in the 239Pu total and inelastic cross sections. Comparisons of the
newly evaluated total cross sections with ENDF/B-V (dashed curve) and measure-
ments by Poenitz,31 Smith,36 and Schwartz37 are given in Fig. 19. Changes as
large as 7% resulted in the total cross section between 25 and 500 keV.

Similarly, changes of up to a factor of 2 were required in the total
inelastic cross section, shown in Fig. 17 of Section F, to correct ENDF/B-V.
With the fission cross section for 239Pu left unchanged from ENDF/B-V, the
elastic cross section was adjusted to obtain consistency between the new par-
tial and total cross sections. The elastic and inelastic neutron angular dis-
tributions from the new calculations were also incorporated into the revised
evaluation, together with new inelastic continuum energy and angular distribu-
tions.

The Gp evaluation from ENDF/B-V was revised for incident neutron energies
above 0.4 MeV using the experimental data of Gwin33 and Frehaut.34 A compari-
son of the new evaluation with ENDF/B-V (dashed curve) and the experimental
data is shown in Fig. 20. The new results are as much as 3% lower than ENDF/
B-V in the few-MeV region. Below 0.4 MeV and above 11.5 MeV, the Gp values
were left unchanged from Version V. The ENDF/B-V values at low energy are com-
pared in Fig. 21 with Gwin's measurements.

Because the scope of this work did not permit a thorough reevaluation of

239

neutron-induced fission neutron spectra from Pu, an improved shape resulting

from the Madland-Nix35 theory was incorporated by adjusting the level density
22




parameter in that theory to produce the same average secondary neutron energy
for thermal incident neutrons as results from the ENDF/B-V evaluation. The
ratio of the new fission neutron spectrum to ENDF/B-V for thermal incident
neutrons is shown in Fig. 22. At higher incident energies, the energy depend-
ence given from the theory is included in the first-chance fission neutron
spectrum evaluation. The resulting average secondary neutron energies are
compared with ENDF/B-V in Fig. 23 up to the second-chance fission threshold.

In summary, significant modifications were made in the total, elastic,
inelastic, 5, and secondary neutron files for Revision 2 of ENDF/B-V. In addi-
tion to correcting several known discrepancies with differential data, the
changes are expected to result in substantial improvement in agreement between

measured and calculated quantities from integral experiments with the JEZEBEL
assembly.
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Fig. 19. Measured and evaluated neutron total cross sections of 23%Pu for
energies between 25 keV and 2.0 MeV. The solid curve is the present evalua-
tion, the dashed curve is ENDF/B-V, and the points represent experimental
data.31 36, 37 Below 25 keV, the evaluated cross sections are given by reso-
nance parameters and are not described here.
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H. Cross Sections Calculated Using Microscopic and Other Level-Density Models
(E. D. Arthur)

We have made comparisons of cross sections and particle emission spectra

that result from Hauser-Feshbach statistical model calculations employing
several different level-density formalisms. These were the Gilbert-Cameron,8

backshifted Fermi-gas,38 and microscopic Fermi-ga339

level-density models.
Results from this comparison formed the basis for a paper40 presented at the
International Atomic Energy Agency (IAEA) Advisory Group Meeting on Basic and
Applied Nuclear Level Densities held recently at Brookhaven National Labora-
tory.

These three models were chosen because two of them, the Gilbert-Cameron
and the backshifted Fermi-gas models, are phenomenological formulations widely
used in applied calculations. The third, the microscopic Fermi-gas model, has
a more realistic physical basis but has not been generally subjected to the
scrutiny that has been applied to the first two in terms of use in nuclear data
calculations. Such applied calculations often provide conditions in which
cross-section data must be reproduced or predicted for complicated reaction
chains over extensive ranges of incident and secondary particle energies.

The Gilbert-Cameron formalism employing the Cook9 parameters was already
an integral part of our Hauser-Feshbach codes, GNASH11 and COMNUC.41 To test
the other two models, we altered the GNASH code to accept an external file con-
taining state densities and spin cutoff parameters as a function of excitation
energy. Spline functions were fitted to these values and were used to deter-
mine interpolated densities at the necessary excitation energy occurring in the
calculations.

To perform the Fermi-gas microscopic calculations, we modified the code
NILSSIG* to write onto disk the state densities and spin cutoff parameter
information. The code uses realistic single-particle levels together with a
BCS Hamiltonian42 to determine the state density, w(E). The use of the super-
conductivity formalism includes pairing effects at low excitations and produces
state densities having roughly a comnstant temperature shape. At energies above
the transition point, superconductivity effects disappear, and the results re-

turn to the Fermi-gas form. The code allows a choice of options for the single-

particle levels to be used (Nilsson,43 Seeger—Perischo,44 and Seeger-Howardas),

*This information was provided by S. Grimes, Ohio University, in 1982.
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and produces state densities, spin cutoff parameters, and positive/negative
parity ratios as a function of excitation energy.

In our initjial application of the level-density models discussed here, we
limited ourselves to regions of spherical nuclei, in particular A = 50-60 and A
= 90-100. These regions encompass the Z = 28 and N = 50 caﬁfi? shells and

ey

include materials that have been of interest to us previously. Nuclei in
these regions have varied experimental data applicable to the testing of nu-
clear level-density models. These include numerous reaction cross-section and
particle emission spectra, s-wave (DO) resonance spacings for several isotopic
chains, and direct measurements of level densities up to rather high excitation
energies. The availability of Do information for several isotopic chains pro-
vides a starting point for tests of the microscopic Fermi-gas level-density
model. This situation parallels one often found in Hauser-Feshbach calcula-
tions of reaction paths involving isotopic chains reached, for example, in
(n,2n) and (n,3n) reactions. In such cases large differences in binding ener-
gies may exist, along with odd-even effects, that provide stringent conditions
under which microscopic-density calculations can be tested. So, for elements
ranging from chromium to zinc, we made calculations of the level density occur-
ring at the neutron-binding energy. We used the single-particle levels -of
Seeger-Perischo44 and neutron and proton pairing gap values, adjusted to match
Gilbert-Cameron dat38 at zero excitation energy. The results of these calcula-
tions appear in Table V in which D0 values are compared with experimentally
determined ones.48 The agreement is very good, generally within a factor of
two, which is significant considering the lack of adjustable parameters occur-
ring in this model.

Further tests of this model (along with the Gilbert-Cameron and back-
shifted Fermi-gas models) appear in Fig. 24 where a comparison is made with di-
rectly measured 60Ni level densities available for excitation energies up to
around 25 MeV. All three models reproduce the data in a reasonable fashion,
although there are shape differences not easily observable in this comparison.
These are better illustrated in Fig. 25 where the ratio of the Gilbert-Cameron
(dashed curve) and the backshifted Fermi-gas (dotted curve) model results are
compared with those obtained from microscopic calculations. All three models
were normalized to each other around 11 MeV. The backshifted Fermi-gas results

most nearly approximate the microscopic level-density model values, whereas the
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differences occurring with the Gilbert-Cameron formalism for energies below 8
MeV can largely be attributed to the constant temperature form employed in this

region.

TABLE V

COMPARISON OF S-WAVE RESONANCE SPACINGS CALCULATED USING

THE MICROSCOPIC FERMI-GAS LEVEL-DENSITY MODEL WITH EXPERIMENTAL VALUES14

<D> (Calculated) <D> (Experimental)

Target (keV) {(keV) Ratio (C/E)
ceo” 18.8 15 % 2 1.25
cro? 41.8 42 t 5 1.
cr23 3.8 7.1 % 1.2 0.54
e’ 39.4 26 7 1.5
Mno> 0.9 2.7 % 0.4 0.33
Fe? 38.5 13 + 2.96
Fe>0 30. 17 % 2 1.7
Fe>’ 4.5 6% 1 0.75
FeoO 28.2 35 + 15 0.8
Cco>? 0.96 1.1+ 0.1 0.81
Ni°8 19.8 13.7 % 2 1.4
ni%0 14.9 16 + 2.5 0.93
Ni®1 1.5 1.8 % 0.3 0.85
Ni%2 16.7 19.1 £ 3.6 0.87
Ni%* 31. 19.9 £ 3.6 1.3
cu®3 0.26 0.32 + 0.03 0.81
cu® 0.48 0.51 * 0.06 0.95
7n0% 1.02 3.4 % 0.2 0.29
700 1.9 4.7 £ 0.4 0.4
7087 0.21 0.51 % 0.02 0.42
72n°8 4.2 5.77 £ 0.7 0.73
zn’0 3.3 6.9 + 1 0.5

28



v
/1(13'4(e 10 10 10

LEVELS

id 10 1 16 100 1

Fig. 24. Comparison of the calcu-
lated nuclear level density with
experimental data for SONi. The
solid curve represents the Gilbert-
Cameron results; the dashed curve,
the backshifted Fermi-gas model;
and the dotted curve, microscopic
calculations.

S Y Y Y Y T Y
00 40 80 120 160 200 240 280

EXCITATION ENERGY (MeV)

©
b=~

Fig. 25. The ratio of the level
densities calculated using the
Gilbert-Cameron (dashed curve)
and backshifted Fermi-gas

(dotted curve) phenomenologi-

cal models are compared with ©O
results from microscopic cal-E:
culations for ®°Ni. All cal- < =
culations were normalized at

11 MeV.

1g”

2 ) 4 4 1
-

-
e T
-~
. ~-
~~~~~
-
-
-

-
-~
., -
. -~
-----

00 40 80 120 160 200 240 280
EXCITATION ENERGY(MQV)

29




Further tests of these models, particularly the microscopic Fermi-gas
model, were made through their use in the calculation of neutron-induced cross
sections and particle emission spectra. Data for channels that are relatively
minor constituents of the total reaction cross section can be particularly
sensitive to level densities occurring explicitly in that channel or in com-
peting ones. One such example is shown in Fig. 26 in which the calculated pro-
ton emission spectra induced by 14.8-MeV neutrons on 65Cu are compared with the
data of Grimes et al.49 The results obtained using the Gilbert-Cameron and
microscopic level-density models (solid and dotted curves, respectively) repro-
duce these data reasonably well in contrast to the overprediction achigged

Cu

level density predicted by this model because residual nuclei occurring in all

64Ni, 64Cu) have experimental data that

using the backshifted Fermi-gas model. This is traceable to the lower

other major reaction channels (65Ni,
can be used to constrain their level-density values. This failure to predict

65

correctly the ~Cu level density produces an underprediction of (n,n'y) competi-

tion so that proton emission from (n,p) and (n,np) reactions is too large.
Figure 27 explicitly compares the 65Cu level density calculated using the
models discussed here. All three results agree reasonably well at lower excita-
tions. At higher energies that more directly impact the calculated proton
emission spectrum, the level-density results diverge with a sizable underpre-
diction occurring for the backshifted Fermi-gas results. This problem appears
related to the small value for the Fermi-gas parameter a derived by Dilg et
al.so

Other data suitable for level-density tests include those providing infor-
mation concerning the spin cutoff parameter occurring in these models. This
information can be inferred from calculations of isomeric state production
cross sections or, more directly, from incorporation of discrete level spin
data through use of a maximum likelihood estimator. Such an example appears in
Fig. 28 where the histogram represents the cutoff parameters deduced directly
from 98Mo discrete level data. Curves 1 and 2 are spin cutoff values obtained
from the Gilbert-Cameron and backshifted Fermi-gas models. Curve 3 was ob-
tained from microscopic level- density calculations that used the Seeger-
Howard11 single-particle levels.

In summary, we have begun tests of the microscopic Fermi-gas level-density

model through direct comparison with s-wave resonance spacing data and with

other level-density information measured explicitly. Futhermore, our use of it

30




1d*

3 g 2 2824

-e?™
-

10‘.

L4 4 24341

g .

1

CROSS SECTION (MB/MeV)

'l

10*

v T \J

00 20 40 60 80 100 20 140
PROTON ENERGY (MeV)
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1 and 2 represent the Gilbert-Cameron and backshifted Fermi-gas models, while
Curve 3 was obtained from the microscopic model described in the text.

in Hauser-Feshbach calculations of cross sections and emission spectra provides
an expanded basis sensitive to level-density effects, not only around the
neutron-binding energy but at other excitation energies as well. Generally
these initial tests have resulted in good agreement when this microscopic model
was used. There are, however, some indications of problems that could affect
routine application in our Hauser-Feshbach calculations. One such example

6

appears in Fig. 29 where the 1level density of 0Co that one might employ in

60Ni(n,p) calculations is shown. The solid curve results from the Gilbert-
Cameron model, whereas the dashed curve was obtained from microscopic calcula-
tions that used the Seeger-Perischo11 single-particle levels. Both calcula-
tions reproduce experimental D0 values (DO = 1.1 keV) well at the neutron bind-
ing energy, but the microscopic results, when extrapolated to lower excitation
energies, lie significantly above the Gilbert-Cameron values, as well as those
inferred from discrete level data. This, in turn, produces calculated 60Ni(n,p)
cross sections that substantially overpredict experimental results. Efforts to

32



lower the microscopic results in this excitation energy region by adjustment of
proton and neutron pairing gaps were not successful, probably due to the odd-
odd nature of the 60Co nucleus. This example illustrates a potential problem
that can occur in the use of microscopic level densities in applied calcula-
tions in which the flexibility to adjust the level density to reproduce rele-

vant experimental data is not available.
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Fig. 29. Level densities calculated for €9Co. The solid curve was obtained
from the Gilbert-Cameron level-density model and includes both constant tem-
perature and Fermi-gas contributions. The dashed curve results from micro-

scopic calculations made using the Seeger-Perischo single-particle levels.%%
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I. Addition of Gamma-Ray Production Data to the ENDF/B-V 197Au Evaluation

(P. G. Young and E. D. Arthur)

The ENDF/B-V evaluation51 of neutron-induced reactions on 197Au was modi-
fied to include gamma-ray production data. The revision is based primarily on
the experimental data of Orphan et al.52 for thermal incident neutrons and the
measurements of Morgan and Newman53 from 0.2 to 20 MeV. Theoretical calcula-
tions with the GNASH code11 were used in the range of 10 to 800 keV to supple-
ment the Morgan data. The evaluated gamma-ray-production data were put into
ENDF/B format and combined with the ENDF/B~V Au evaluation.

Neutron transmission coefficients for the GNASH calculations were obtained

using the spherical optical model parameters of Delaroche et al.54 Discrete

197Au 198

level information for and Au was taken from the compilations of

55,56

Harmatz. The level-density formulation and parameters of Gilbert and

Cameron8 were employed, with pairing and shell corrections from Cook.9 A giant

dipole resonance modellg’20

was used to calculate gamma-ray strength functions,
with a 75% step reduction in the shape below 4 MeV required to match Morgan’s53
spectra below an incident energy of 1 MeV. A similar step was required in

calculations of a gamma-ray strength function for thermal incident neutrons by
Gardner.57

At low energies the gamma-ray spectral shape measured by Orphan et al.52
was used in the evaluation, with the lowest secondary energy group (E_,6 = 0-375
keV) adjusted to match Gardner's calculations. Energy conservation was used to
obtain the gamma-ray multiplicity up to the inelastic neutron threshold at En =
78 keV.

Calculated absolute spectra were employed between 10 and 800 keV. These
results joined reasonably smoothly onto the experimental results of Morgan and
Newman3 at higher energies. The calculated spectrum at 800 keV is compared
with the experimental data in Fig. 30. At energies above 800 keV, the abso-
lute gamma-ray production cross sections and shapes from Morgan's experiment
were used directly in the evaluation.

Because no effort was made to ensure consistency between the neutron and
gamma-ray files, total energy conservation is not built into the evaluation.
For this reason, the revised evaluation is regarded as interim until we can

complete a thorough analysis of all the nuclear data available.
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J. Control Materials and Light Coolant Cross-Section Data (P. G. Young and
L. Stewart)

The status of nuclear cross-section data for fission reactor control and
light coolant materials is reviewed in an article submitted to Progress in

Nuclear Energy, with particular emphasis on Version V of the U. S. Evaluated

Nuclear Data File (ENDF/B-V). Under control materials, the neutron-induced
reactions on 10B and llB are highlighted, covering the energy range from ther-
mal to 20 MeV. The status of radiative capture data for Ag, In, Cd, Gd, and Hf
isotopes in the thermal and resonance regions is also included. Under coolants
and moderating materials, the nuclear data for H, D, He, C, and O are reviewed,

as well as the ENDF/B-V thermal data for HZO’ D,0, and graphite. Comparisons
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between evaluated results and both recent and older experimental data are given
in all cases. Assessments are made of the adequacy of the data for reactor
applications, and recommendations for needed improvements in the data are
presented.

The most significant data problems uncovered in the review occur for the

ENDF/B-V evaluation58 of 11B.

This evaluation actually dates back to Version
IIT of ENDF/B, which in turn is based on a modification of the then existing
United Kingdom Atomic Energy Agency 11B evaluation. Significant new experi-
mental data have become available since that time, and there is an urgent need
to update the ENDF/B-V file.

In addition to not containing gamma-ray production or covariance data
files, certain of the evaluated neutron cross sections are also seriously

discrepant with newer data. Figure 31 illustrates one of the more serious

discrepancies in which the ENDF/B-V58 evaluated total cross section differs

from experimentsg-64 by 20-40% near 1 and 2.5 MeV and is systematically = 10%
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Fig. 31. Neutron total cross sections of 1B from 0.2 to 20 MeV.
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lower than the measured data above 9 MeV. These same problems can be seen in

60,65-73

comparisons of the evaluated and measured elastic cross section over

the same energy range, given in Fig. 32. Finally, discrepancies of the order

of 50% to a factor of 2 are seen in Fig. 33, in which comparisons of meas-
ured71_74 and evaluated elastic angular distributions between 9 and 14 MeV are
given. Here the difference is nearly a factor of 3 at back angles for 14-~-MeV
incident neutrons.

In addition to the 11B discrepancies, the article also notes serious prob-

lems in the 10B, In, and thermal neutron data evaluations in ENDF/B-V. Some-

what lower priority problems are also discussed for the Version V evaluations

of 21, 160 cq, 152:154g4 ong 174,176,178,179,,
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Fig. 32. Elastic neutron cross section for 118 from 0.2 to 20 MeV.
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K. Calculation of Excited-State Cross Sections for Tm (D. G. Madland)

Preliminary coupled-channel and Hauser-Feshbach statistical-model calcula-

tions have been performed for the scattering of neutrons by 169Tm, with the

target nucleus existing in the ground state and in the first-excited state.

The coupled-~channel calculations were performed using the code JUPXST
(Ref. 26, pp. 28-30) to obtain the total, shape elastic, reaction, direct
inelastic, and compound-nucleus formation cross sections, together with the
corresponding compacted transmission coefficients T(n,%,j), as a function of
incident neutron energy over the range 1 keV to 20 MeV.

Pertinent details of the calculations are as follows. The coupled-channel
potential of Young et al.75 was used throughout. 1In particular, the first-ex-
cited state calculations were carried out by use of this potential together

with an energy transformation that is determined from reciprocity. The de-
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formation parameters of the potential are 82 = 0.31 and Bh = -0.01. The expan-

sion order of the complex form factor used in JUPXST is A = 8 (Legendre poly-

nomial P8). A matching radius of 13.8 F was chosen; and the algorithm for the

maximum projectile orbital angular momentum, zmax’ is 2m +1=2.5(R+ 1) +
I

max’ where k is the neutron wave number, R is the nuclear radius, and Imax is
the maximum spin occurring (9/2) in the set of coupled states. The first five

members of the ground-state band were included in the calculations for both
target states.

Results from the coupled-channel calculations are illustrated in Figs. 34

through 37 where comparisons of ground-state and first-excited-state cross

sections are made. Considering the few-MeV region, one observes that the total

cross section for the target in the first-excited state is first smaller and

then larger, with increasing neutron energy, compared with that for the target in

the ground state. In this same region the elastic cross section is smaller and

the compound-nucleus formation cross section is larger for scattering from the

first-excited state. The direct-summed inelastic-scattering cross section,

shown in Fig. 36, is almost always smaller for scattering from the target in

the first-excited state. These effects are summarized quantitatively in Table

VI for incident neutron energies of 10 keV, 100 keV, 1 MeV, and 5 MeV.
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Fig, 34. Total cross section for the gcattering of neutrons by 1®9Tm in the
1/2° 0.00 ground state and in the 3/2 0.00841 first-excited state, as a func-
tion of the incident neutron energy.
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Fig. 35. Elastic cross section for the scattering of
target states identical to those of Fig. 34.
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Fig. 36. Direct inelastic cross section for the scattering of neutrons by

in target states identical to those of Fig. 34.

1697y

Note that the absorptive part

of the coupled-channel optical potential used in the calculations is only piece-

wise continuous at neutron energies of 6 and 9 MeV.
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Fig. 37. Compound-nucleus formation cross section for the scattering of
neutrons by '®9Tm in target states identical to those of Fig. 34.
TABLE VI

NEUTRON CROSS-SECTION COMPARISONS FOR 169Tm
Incident Neutron Epergy = 10 keV

Ground State 1st~Excited State Difference

Cross Section (mb) (mb) (%)

Total 14877 13975 -6.1
Elastic 7070 5234 -26.0
Reaction 7807 8741 12.0
Comp. Nuc. 7807 8740 12.0
Total Inel. 697 907 30.1
Capture 2146 2817 31.3

Incident Neutron Energy = 100 keV

Ground State Ist-Excited State Difference
Cross Section (mb) (mb) (%)
Total 10282 8978 -12.7
Elastic 5905 4448 -24.7
Reaction 4377 4530 3.5
Comp. Nuc. 4354 4516 3.7
Total Inel. 1166 650 ~44.3

Capture 625 941 50.6



TABLE VI (Cont.)

NEUTRON CROSS-SECTION COMPARISONS FOR 169Tm

Incident Neutron Energy = 1 MeV

Ground State 1st-Excited State Difference
Cross Section (mb) (mb) (%)
Total 7577 7595 0.2
Elastic 4240 3866 -8.8
Reaction 3337 3729 11.7
Comp. Nuc. 2869 3310 15.4
Total Inel. 2775 3088 11.3
Capture 140 154 10.0

Incident Neutron Energy = 5 MeV

Ground State 1st~-Excited State Difference
Cross Section (mb) (mb) (%)
Total 5569 5556 -0.2
Elastic 2479 2559 3.2
Reaction 3090 2997 -3.0
Comp. Nuc. 2626 2562 -2.4
Total Inel. 3065 2975 -2.9
Capture 9 8 -11.1

The Hauser-Feshbach statistical-model calculations were performed using
the code COMNUC76 to obtain the compound elastic, compound inelastic, and cap-
ture cross sections as a function of incident neutron energy over the range 1
keV to 8 MeV where the (n,2n) reaction channel opens. The compacted coupled-
channel transmission coefficient sets T(n,£,j) for ground-state and first-ex-
cited-state scattering described above were used in the calculations. The
capture cross section was calculated in the Brink-Axel giant dipole model ap-
proximation for the gamma transmission coefficient. A value of 2n<ry>/<D> =
0.07953 was used and 27 discrete capture states were included. No direct cap-
ture component was calculated.

Results from the statistical-model calculations are illustrated in Figs.
38 and 39 and are given quantitatively in Table VI for four incident neutron
energies. The total inelastic-scattering (direct plus compound) cross section
is shown in Fig. 38 for the target in the ground state and in the first-excited
state. One observes, in the first-excited-state case, an 'accelerator" cross
section varying from ~ 3.5 barns to ~ 0.6 barns as the neutron energy increases
from 1 keV to 109.8 keV, the excitation energy of the 5/2+ state relative to
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that of the 3/2+ state. The "accelerator" cross section is just the inelastic
transition from the 3/2+ target state to the 1/2+ true ground state, in which
the neutron gains the energy of the transition. The "accelerator" cross sec-
tion exists for all neutron energies, but it is the only allowed inelastic
transition for En < 109.8 keV in the first-excited-state target case. One also
observes in Fig. 38 that the thresholds for exciting successively higher lying
states in inelastic scattering always differ by the same amount, 8.41 keV, in
comparing corresponding thresholds for ground-state and first-excited-state
target scattering. This is, of course, because the excitation energy differ-
ence between the two target states is 8.41 keV.

The capture cross sections are shown in Fig. 39. Here, the capture cross
section from the target in the first-excited state dominates that from the
target in the ground state over most of the energy range considered. One also
observes the 8.41-keV shift in the thresholds of corresponding inelastic scat-
tering transitions, described above, which are seen here via competition with
inelastic scattering.

One of the most interesting aspects of studying the total inelastic and
capture cross sections in ground-state and first-excited-state target config-
urations is that the magnitudes of these cross sections can be quite different
for the two configurations, when at the same time the magnitudes of the corre-
sponding compound-nucleus formation cross sections are almost the same. As Table
VI shows for En = 100 keV, the compound-nucleus formation cross sections differ
by 3.7%, while the total imelastic and capture cross sections differ by -44.3%
and 50.6%, respectively. Thus, it is not correct to assume that nearly equal
compound-nucleus formation cross sections imply nearly equal components of the

compound-nucleus formation cross sections.

L. Calculation of Excited-State Cross Sections for Actinide Nuclei (D. G.
Madland) .
Coupled-channel calculations have been performed for the scattering of
neutrons by 238U and 239Pu, with these targets existing in the ground state and

in the first-excited state. The calculations were performed using the code
JUPXST (see Ref. 26, pp. 28-30). The total, shape elastic, reaction, direct
inelastic, and compound-nucleus formation cross sections were calculated,
together with the corresponding compacted transmission coefficients T(n,%,j),

as a function of incident neutron energy over the range 10 keV to 10 MeV. The
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resulting transmission coefficient sets, for both ground-state and first-ex-
cited-state cases, will be used in Hauser-Feshbach statistical-model calcula-
tions.

Pertinent details of the calculations are as follows. The actinide cou-
pled-channel potential of Madland and Young77 was used throughout. In partic-
ular, the first-excited-state calculations were carried out by use of this
potential together with an energy transformation that is determined from reci-

procity. The deformation parameters used for 238U are BZ = 0.200 and B4 =

0.058, from Ref. 77, and those used for 239Pu are Bz = 0.220 and 54 = 0.070,
from Ref. 78. The expansion order of the complex form factor used in JUPXST is
A = 8 (Legendre polynomial P8). A matching radius of 14.0 F was chosen and the
algorithm for the maximum projectile orbital angular momentum, £

max’
1 =2.5(kR + 1) + Imax’ where k is the neutron wave number, R is the nuclear

is £ +
max

radius, and I is the maximum spin occurring in the set of coupled states.

a
In the case of §38U, three states of the ground band were coupled with Ima =

4, whereas in the case of 239Pu, five states of the ground band were coupled

with Imax = 9/2.

Results from the calculations are illustrated in Figs. 40 through 47,
where comparisons of ground-state and first-excited-state cross sections are
made for both 238U and 239Pu. Considering the few-MeV region, one observes
that the total and compound-nucleus formation cross sections are smaller if the
target nuclei are in the first-excited state instead of the (usual) ground
state, whereas the elastic cross sections are larger. The summed direct in-
elastic -scattering cross sections are smaller for the target nuclei in the
first-excited state over most of the energy range considered. Perhaps the most
interesting curves are those of compound nucleus formation shown in Figs. 46
and 47. These indicate, in the few-MeV region, that the combined compound
elastic, compound inelastic, capture, and fission cross sections are approxi-
mately 10 to 15% less for the two target nuclei in the first-excited state
compared with being in the ground state. This result was also obtained in the

early JUPXST test calculations79 for the case of 238U.

sections for 238U and 239Pu in their first-excited states may be somewhat less

Thus, the fission cross

than the corresponding fission cross sections for these nuclei in their ground
states. We intend to test this supposition using the calculated transmission
coefficient sets T(n,%2,j) in statistical-model calculations of the cross sec-

tions for fission and competing reactions.
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