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CALCU.ATION OF 23%Py NEUTRON INELASTIC CROSS SECTIONS

Edward D. Arthur

Theoretical Division, Los Alamos National Laboratory
Los Alamos, New Mexico B7545 U.S.A.

We have calculated cross sections for neutron-{induced reactions on 239py petwaen 0.001 and 5 MeV,
with particular emphasis on inelastic scattering. Coupled-channel and Hauser-Feshbach statisti-
cal models were used. Within the coupled-channel calculations we employed neutron optical param-
eters derived from simultaneous fits to total, elastic, inelastic, and resonance data. The
resulting transmission coefficients were used in Hauser-Feshbach statistical calculaiions having
a fission channel based on a double-humped barrier representatioen. Barrier parameters and transi-
tion state enhancements needed to reproduce well the (n,f) cross sections between 0.001 and 5 MeV
were in general agreement with those from other published analyses. Calculated compound-nucleus
and direct-reaction components for inelastic scattering were combined {ncoherently, and the result-

ant cross

with ENDF/B-V values for these levels.

sections agreed well with the Bruyéres-le-Chitel measurements for scattering from
levels occupying the ground state rotational band.

Our results are {n substantial disagreement

We are presently performing DWBA calculations to deter-

mine direct-reaction components for states occupying higher-lying vibrational bands.

[27"Pu(n,n), 23%u(n,n'), 23%Pu(n,f), coupled channel optical and Hauser-Feshbach
statistical model calculations, En = 0.001 to 5 MeV)

Introduct jon

As a step towards improvement of the 23°Py evaluation
appearing in the ENDF/B evaluated data library, we
have performed neutron cross-section calculations in
the iIncident energy range batween 0.001 anc 5 Mav.
We placed particular emphesis on the realistic deter-
mination of inelastic scattering cross sections since
relevant experimental data are sparse, and since such
information {5 {mportant vor fast reactor spplica-
tiens. To accomplish this we used sophisticated nu-
clear moudels employiny parameters constrairad to re-
produce concurrently a variety of available experi-
inental data. This tecnnigue has proved successful in
the extrapolation or prediction! of cross-section
data where experimental measurements are not complete
or do not exist.

Mode!s and {'arameters

Our 23"Py calculations i{nvalved appiication of two

main reaction models, the first belng {he coupled-

channel optical mode{ to describe direct-reaction con-
tributions to f{nelastic scattering from collective

states. The LLIS? program was used for this purpose

as well as to provide neutron transmission coeffi-
tlent. for the second partion of the calculation in-

valving application af the Hauser-Feshbach statisti-

cal mode! code COMNUC.? 1his techr'que ensures con-

pistency hetween the direct-reaction and compound-

micieus facets of the calcalation. Cross-section

cantributions obtained separatsly from these two mod-

els were then combined ‘ncolierently to prcduce the

final results.

[CIS calculations were made using the first 8]
stages of the ground state rotativnal band (1/2°,
2, %2, 1/2, 9/2°, and 11/72 ) as the coupling
bas{s. The optical putenttal was represented in a
standard manner (see Ref. 4 for detaiis), while the
coupling form factors needed in the exransion of the
optical potential were assumed complex. We used neu-
tron optical parameters based on the Rruybres-le-
Chatel results® that were obtained primarily from
fits to actinide total, elastic, and inelustic cross
sections, as well as s- and p-wave strength func-
tions. We did modify them slightly tu brodice better
agreement to *'¥py total cross sectiuns measured by
Poenitz,® particularly around 1 MeV. 0Our resulting
optical and deformation parameters appear in Table I.

The Maicamw Ffo-ar . . -

Table 1 Optical Mode! and Deformation Parameters
Used in the Coupled-Channel Calculations

(Oepths in MeV, geometrical parameters in fm)

r a
v = 46.2 - 0.3E 1.26 0.615
wSD = 3.6 + 0.4L 1.24 0.50
VSO = 6.2 1,12 0.47
Bz = 0.21 By = 0.065

Gilbert and Cameron” along with the parameters of
Cook.™ A maximum amount of discrete level informatian
was included for each nucleus appearing in the cal-
culation. Such data were used to adjust the chnstant
temperature level density parameters so as to repro-
duce the cumulative number of levels while joining
smoothly to the lermi-gas form at higher excitatlion
eneryies. Gamma-ray transmission coefficients were
calculated using a8 Brink-Axel expression® that uti-
l{zed two Lorenztian forms to represent the split
glant dipole resonance. These gamma-vay transmission
coefficients were nhurmallired tuv reproduce measured
2n<t >/¢<fi> data'® avallable for s-wave resanances
nearthe neutron binding energy.

The ahiiity to fit measured (n,f) cross sectians ac-
curatelyv (to within approximately 5%) over a wiidr
energy range {ntroduces important constraints nn the
Hauser-Feshbach calcalation of cross sectlons for
other competing chamnels. Thus, {n order tu repro-
fuce {n,f) experimental data reasonahly well using
realistic fission channel parameters, we incnrporated
a double-humped fission mode! into the COMNUC Mauser-
Feshbachr code (Ref.1] provides a complete desrrip-
tton). In this application, two uncoupted osciila-
tors were used for the barrfer repiresentation, and
peretrahilities through each barrier were calculated
from a Hill-Wheeler expression.'? lhe spectrum of
transition states occurring at each barrier was con-
structed uti'izing bamthead {nformatian'? avallahle
for the 24VPy compaund rystem. At higher excita-
tions, we assumed a continuum of tramsition states
that we calculated using the Gilbert-Cameron level
density expressions and parameters applicable for the
griund state deformation case. 1o these calculatel
densities we app)ied enhancements directly to account
for deviations from symmetry present at each barrier.



asymmetric and axially symmetric.'¢ Theoretical en-
hancements!5 associated with these barrier shapes are
oJ8n (o is the level density spin cutoff parameter)
for the inner barrier and two for the outer one.

Qur fission model also included corrections for Class
I1 fluctuations based on the picket-fence approxima-
tion of Lynn et al.!'® These corrections are impor-
tant primarily at low energies and were applied in
addition to the width-fluctuation corrections!” uti-
lized throughout our Hauser-Feshbach calculations.
Our 23%py(n,f) data fits yielded the barrier parame-
ters and density enhancement factors shown in Table
I11. These are in general agreement with olher pub-
lished values!3''® and in particular the density en-
hancements agree well with results!3 utilizing micro-
scopic level-density expressions.

TABLE 11 Barrier Parameters and Oensity Enbancements
Usea to Calculate 23%Pu(n,f) Cross Sections

Bar-ier hw Oensity
Height (MeV) (MeV) Enhancement
Barrier A 5.80 0.8 16
Barrier B 5.45 0.6 2
Results

Calculated scattering cross sections for 0.7 MeV neu-

trons iIncident on ground band members of %3Py are

comparcd in Fig. 1 to recent Bruydres-le-Chitel mea-

surements.® At this energy, compound contributions

can be significant so that direct and compound nucleus
calculations can be tested in such a comparison. Fig-
ure 2 presents a comparison at 2.5 MeV to data of

Smith et al!¥ that includes elastic scattering as well
as contributions from states having excitation ener-

gles up to 0.20 MeVv.
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{1g. 1. Our calculated angular distributions are com-

pared to recent measurements® of elastic and {nelastic
scattering an 23¥%Pu at o neutron energy of 0.7 MeV.
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Fig. 2. Our calculations of cross sections for scat-
tering reactions that excite 23%py states having ener-
gles < 200 keV are compared to the data of Smith et
al'® for 2.5 MeV incident neutrons.

Figure 3 {1lustrates the large differences that exist

between our calculated results and data appearing in
the present ENDF/B-V evaluation. The comparison ic

made for excitation functions resulting from inelas-

tic scattering on the 0.057 MeV (5/2 ) state and the

0.164 MeV (9/2 ) state. In the first s=xample, the

difference occurs because cirect-reaction contribu-

tions were included In our calculatinns but not in

ENOF/B. In the second example, our calculated excita-
tion function shape occurs because of the state's rel-
atively high spin (9/2) and because of direct-reaction
components. The ENDF/B-V evaluvation, on the other

hand, probably employed & shape simifar to those ac-

sumed for scattering from states with lcwer spin

values.

Inelastic scattering reactions that leave the “"V'py
rucleus with 1 to 2 Mev of excltation are impartant
for fast breerder reactor systems becaute ot the energy
transfers involved This excitation energy region
lies well ahove that encompassing the gruumd state ro-
tational band so that experimental data are sparse and
theoretical efforts are generally restricted to appli-
cation (as {in nur present effort) of the Hauser-
Feshbach statistical mocel. The experimental situa-
tion fi8s been improvea by recent mrasurements made by
Smith et al!® whereby tho total inelastic crouss section
to levels lyiny abue a given excitation enerqgy can he
inferred. Such thresholds range from 0.08 te 0.3 Mev
far these measurements. The comparison of onr calcuia-
tlions, as is done in Fig. 4, to these data provides
indirect evidence regarding the hehavior ot {unlastis
scattering to higher levels far which we astumed only
compound nucleus contr.butions. 1The solid cure repre-
sents our results, which arree reasonably with the ex:
perimental data but which e significant!y lower than
the dashed curv. representing [NDF/B-V,

Recently we began calculations of direct-reartion con-
tributions to scatlering cross sections from ststes
occun;“ng higher-lying collecti{ve bands, particalarly
the K = 1/2- octupole vibrational band. These ef-
forts were prompted by (n,n') cross sactlons inferred
from (n,n'y) measurements?"'2! on 27774 and ?*"U that
indicate sizeable {nelastic cross sections tor simllar
states In the neutron energy range helween 2 to 4 MeV.
Initially we performed Distorted Wave Barn Approxima-
tion (DWBA) calculatians for .cattering from the 0.%5%
MeV //2- state assuming an ¢ = 3 angular momentum
transfer and nafno the snhavlrul ltovatlon nt tha
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Fig. 3. Two calculated excitation functions (solid
curves) Zor {nelastic scattering from states in 23%py

are compared to the ENDF/B-V evaluation (da;hed curve).

(a) 0.057 MeV 5/2 state; (b) 0.164 MeV 9/% state.
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rig. 4. Comparisons of our calculated fnelastic
cross sections (solid curve) for production of 23%py
states above a given excitation energy (0.08-0.2 MeV
over this neutron energy range) to cross sections in-
ferred from measurements by Smith et al.!® The
dashed curve {s ENDF/0L-V.

Cross Section (b)

Madland-Young neutron optical parameters.??2 To deter-
mine the B, deformation parameters necessary for norm-
alization 8! the calculated DWBA results, we employed
B(E3) values extracted from charged-particle reactions
on similar octupole states in even plutonium nuclei??
in the following expression
/3A)2 2

B(EA) = (3 n Ze R AV/3M)2p, (1)

Here R. and B(E3) values of 1.24 fm and 0.4 e?b3 were
used, Pespectiaely. The B, values determined in this
manner yielded DWBA cont?ibutions on the order of
E-10 mb for neutron energies betwesen 2 and 4 MeV
These results 1ile factors of 5-10 lower than values
one would infer from the (n,n'y) measurements men-
tioned previously.

As a further test we analyzed (p,p') measure-
ments?3'24 for scattering from collective states in
238)  with particular emphasis on data available for
the 0.731 MeV 3- octupole state. Although such data
are sparse, we were able to compare the relative
strength for excitation of this state to reasonably
known crosc sections for ground-state rotational band
members, This provided an independent normalization
method applicable to our 2 = 3 DWBA calculations, and
and when inserted into Eq. (1) above produced a B(E3)
value of 0.35 e2b3, which agrees with publishod val-
ues.22'25 Figure 5 shows the results obtained when
this normalization i applied to the calculated DwBA
direct reaction contributfon which is then added to
the compound nucleus contribution (sum given by the
solid line) for inelastic neutron scattering exciting
the 0.731-MeV state in 238U, The data are those of
Olsen et al,20 which were again inferred from (n,n'y)
cross sections In the energy range where direct re-
action contributions dominate, our calculations are
in disagreement with these measurements as well as
theoretical analyses?® performed for similar dataZ!
where the relative coupling between bands was treated
as an edjustable parameter. We therefore see a pos-
sible discrepancy between cross sections extracted
from such (n,n'y) measurements and cross sections ob-
tained wusing Information Inferred from charged-
particle data.

a0 ] 20 a0
Neutron Energy (MeV)

Fig. 5. Comparison of the calculated ‘n.n'y) cross
section for excitstion of the 0.73]1 MeV 3- octupole
state in 778 to data of Olsen et al?" as deduced

from (n,n'y) measurements. The dashed curve is the
compound-nucleus (CN) contribution; the solld curve
contains hoth CN and direct-reaction (UOWHA) comjronents
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Conclusion

Using nuclear-model caiculations that Incorporate
realistic parameter sets, we are able to reproduce
neutron inelastic scattering data for tne ground
state rotational band members of 23%u at energies
less than 5 MeV. Similarly, our calculations of
jntegrated inelastic cross sections agree well with
such information inferred from recent experimental
measurements. There do appear to be discrepancies be-
tween cross sections extractea from (n,n'y) measure-
ments for levels occupying higher collective bands
and results obtained from charged-particle measure-
ments,
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