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APPLIED NUCLEAR SCIENCE RESEARCH AND DEVELOPMENT
PROGRESS REPORT

June 1, 1985-November 30, 1985

Compiled by

E. D. Arthur and A. D. Mutschlecner

ABSTRACT

This progress report describes the activities of the
Los Alamos Applied Nuclear Science Group for June 1, 1985
through November 30, 1985. The topical content is sum-
marized in the Contents.

I. THEORY AND EVALUATION OF NUCLEAR CROSS SECTIONS

A. Low-Energy Transitions for Polarized d+d Reactions [G. Hale, H. Hofmann

(Institut fu¥ Theoretische Physik, Universitdt Erlangen, W. Germany)]

The question of whether the d+d reactions can be suppressed at low energies
by polarizing the deuterons spin-parallel, which is of great interest for ad-
vanced fusion concepts, centers on knowing the magnitudes of the 582 transitions
in the reactions. Liu, Zhang, and Shuy1 claim, based on DWBA calculations, that
they are small, resulting in high suppression. The R-matrix fits to the dat32
and resonating group calculations3 that we have done independently give rela-
tively large 5S2 transitions, resulting in little suppression. We are continu-
ing our efforts to understand the latter results in terms of the existing ex-
perimental data and improved resonating group calculations.

The Legendre polynomial expansion for the analyzing tensors of the d+d re-
actions in terms of transition matrix elements and angular momentum coupling
coefficients (3j and 9j symbols) reveals that the second-rank tensors TZM depend

at low energies only on contributions from the 582 (not 1So) and SPJ transi-
tions, and that these contributions have opposite signs. Thus, nonzero values

of TZM at low energies suggest the presence of 5S2 transitions, and their signs

1




are a strong indicator of whether the S- or P-wave transitions dominate. In
Fig. 1, which shows R-matrix calculations for %(Axx-Ayy)MI‘22 both with (solid
curve) and without (dashed curve) the 582 transitions, one sees that the low-

energy data of Ad'yasevich5 require the presence of dominant 582 transitions.
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Fig. 1. R-matrix calculations of the analyzing tensor %(Axx-A ) for the D(d4,p)T
reaction at E, = 50 keV, compared with data taken from contol¥ plots in Ref. 5.
The solid curve is the full calculation and the dashed curve is without the 53,
transition.



We are also repeating the earlier resonating group calculations3 with more
realistic (non-central) nucleon-nucleon forces and including D-state contribu-
tions from the bound deuterons. Preliminary results for the 5S transitions
show excellent agreement, both in magnitude and phase, with the ~S, tramsition

2
elements from the R-matrix fit. Work continues on the other transitions (IS

’
PJ), important at low energies. °
Thus, there is evidence in presently measured analyzing-power data and in
realistic four-body calculations that the 552 transitions of the d+d reaction
are large at low energies, resulting in only slight suppression of the secondary
neutron- and tritium-producing reaction occurring in a reactor fueled by polar-

ized d and “He.

B. R-Matrix Analyses of Reactions in the 7Li and 11B Systems (G. M. Hale)
7

New R-matrix analyses of reactions in the 'Li and 11B systems are nearing
completion for use in the ENDF/B-VI standard cross-section evaluation for light-
element reactions. The 'Li analysis includes recent measurements of 6Li(n,t)L’He
and 4He(t,n)6Li angular distributions, as well as extended differential cross
section and polarization data from Los Alamos for t-aHe scattering, that have
helped determine the 7Li level parameters over a wide range of excitation ener-
gies.

A model for partially including deuteron exchange in the 6Li(n,t)l*He reac-
tion by taking into account peripheral channel overlap effects in R-matrix
theory was also tested in this analysis. It was found6 that these effects can
account for much of the behavior of the low-energy 6Li(n,t) cross sections,
while significantly improving the fits to t—4He elastic differential cross
sections at low energies.

The 11B analysis includes new experimental information about the

7Li(u,n)loB cross section that disagrees substantially with earlier 1oB(n,ao)7Li
measurements in the several hundred-keV neutron energy region. Unfortunately,
the data for other reactions in the analysis are not sufficiently semsitive to
large changes in the 10B(n,ao)7Li cross section in this region to indicate which
10
B(n,a,)

cross sections at energies below 1 MeV would be very useful to help resolve the

measurements are correct. Absolute measurements of 10B(n,oto) and

discrepancy.



C. R-Matrix Analysis of Reactions in the 5He System [G. Hale and D. Dodder

{(X-Division Consultant)]

Our R-matrix work on reactions in the 5He system that began a number of
years ago has been sustained by continuing interest in the d-t reaction as a
fusion energy source, and by numerous experiments, particularly those made with
polarized particles, that await interpretation in terms of the level structure
of 5He. We have obtained a solution for this problem in terms of R-matrix
parameters that account for most of the known 5He data at energies corresponding
to Ex below 22 MeV. . .

The 3-channel analysis includes data for the reactions He(n,n) He,
T(d,n)AHe, T(d,d)T, and T(d,n)hHe* at peutron energies up to 27 MeV and at deu-
teron energies up to ~ 8 MeV. The 2500-point data set is representative of
every type of measurement that has been made for these reactions, and includes
many measurements with vector- and tensor-polarized deuterons, in addition to
the most recent and precise measurements of the d-t reaction cross section. The
overall chi-square per degree of freedom for the fit is less than 2.3.

Using an elegant new numerical subroutine for calculating Coulomb functions
in the complex plane, we have begun to explore the S-matrix pole structure for
5He that results from our R-matrix parameters. Above the three known lowest
states of 5He, we find excited states with J' = 5/2+(2), 3/2, 1/2+, 3/2+, and
7/2+, for 19.7 = Ex € 27 MeV, with widths in the range 0.94 £ T £ 9.1 MeV, as
well as very broad '"background" states in these and other JUs.

It is interesting to note that most of the levels, including the well-known
3/2+ resonance just above the d-t threshold, have poles on more than one un-
physical sheet of the many-channel Riemann energy surface. We are exploring the
consequences of this fact for alpha-particle sticking probability results in p-

catalyzed d-t fusion that recently have been attracting considerable attention.

D. Bibliographic Survey of Medium Energy Inclusive Reaction Data (E. D. Arthur

D. G. Madland, D. M. McClellan)

We have completed a search of bibliographic information of currently avail-
able inclusive reaction data with particular emphasis on experimental and theo-
retical results for particle and gamma-ray emission. Other types of information
included were entries pertaining to the use, characterization, and validation of
appropriate medium-energy theoretical models, along with experimental results
pertaining to damage, nuclear recoils, and radiation effects produced by medium-
energy projectiles.
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The search covered data for the following projectiles: p, d, t, 3He, 4He,
and lithium ions, over an incident energy range extending from approximately 50
MeV to 1000 MeV. The search utilized the US Department of Energy RECON (Remote
Console) bibliographic data system® and covered the time period from 1947-1985.
Initially, approximately 17 000 possible entries were identified. Subsequently,
approximately 1000 references were selected that are appropriate for describing
the current state of knowledge concerning inclusive reaction data, both from
an experimental and theoretical viewpoint. These references also include bib-
liographic information needed for assessment and validation of nuclear model
capabilities.

For the selected bibliographic entries, the following informatiom will be
provided: reference, author(s), title, target materials, and descriptor(s) char-~
acterizing the content of the bibliographic entry. The processing of this in-
formation has been completed and will be used to produce an upcoming Los Alamos

report describing the results of the bibliographic survey.

E. Improvement of Activation Cross Sections Needed for REAC Calculations (E. D.

Arthur)

Improvements of nuclear cross-section data utilized in the REAC7 code have
been made. These improvements were motivated by calculational needs associated
with determination of dose rates produced by 50-MeV protons (and associated neu-
trons) on beamstop materials used in design studies of the ATSU accelerator.
Additionally, verification of air activation results calculated at Hanford
Engineering Design Laboratory prompted part of the need for improved cross-sec-
tion data.

The targets considered, reaction types, and residual nuclei of interest
appear in Table I. The methods used to generate the required data included
GN'ASH8 calculations utilizing parameters determined from analyses of high energy
neutron and proton reactions on aluminum and copper isotopes. (See other con-
tributions to this progress report). Additiomally, calculations were made using
the ALICE9 preequilibrium-evaluation code.

Figure 2 illustrates results for two major activation products occurring
from neutron reactions on copper, as calculated using GNASH. The 6SCu(n,Zn)64Cu
cross section shown here is approximately two orders of magnitude higher for

energies above 30~35 MeV than data included in the REAC library, which was based

*The Department of Energy RECON computerized information retrieval system is
operated by the US Department of Energy Office of Scientific and Technical In-

formation, Oak Ridge, Tennessee. 5




on results from the THRESH10 code. The 60Co production cross section agrees with
the REAC data at energies below 20 MeV. Here the source of REAC data was the

63Cu(n,a)6oCo cross section appearing in ENDF/B-V. At higher energies, a sub-
stantial contribution to 6000 production comes from the 65Cu(n,2na) reaction se-

quence not included in the REAC library.

TABLE I

ACTIVATION CROSS SECTIONS CALCULATED FOR USE IN THE REAC CODE

Target Residual Nucleus Produced Reaction Type
2751 24N, (n,0)

2751 22Mg (n,2n0a)

650y, 640y (n,2n)

650y 60cq (n,2na)

630, 60¢, (n,q)

40Ar 40c) (n,p)

407y 39¢1 (a,np) (n,d)
40pr 39g (n,2p)

407y 38g (n,n2p) (n,3He)
40Ar 35g (n,2na)

40y 37g (n,a)(n,2n2p)
1&g 13y (n,2nd) (n,t)
16¢g 15¢ (n,Zp)

169 11g (n,2na)

14y 11¢ (n,X)

lay 7Be (n,X)

12¢ 7Be (n,X)

In addition to GNASH calculations, a very useful tool for scoping studies
of activation data was use of the ALICE code, which includes preequilibrium ef-
fects via the geometry dependent hybrid model. Also, the majority of parameters
utilized by the code have been established and verified through reaction calcu-
lations for a variety of nuclei over a wide (up to 200 MeV) energy range. For
these reasons, and because a large number of reaction paths are included in each
calculation, the ALICE code is particularly attractive, particularly at higher
projectile energies. Figure 3 illustrates excitation functions for activation
products resulting from n + 40Ar reaction calculations made with ALICE. Most of
the cross sections shown agree well with ENDF/B results (where available) as

well as other cross-section values currently included in the REAC code.
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Fig. 2. Excitation functions of ®%Cu and ®°Co production determined from GNASH
calculations of n + Cu reactions.
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Fig. 3. Excitation functions resulting from ALICE calculations of n + 40pr
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Similar calculations were also made for neutron-induced activation data on
14N and 160. For bimary or tertiary reactions [(m,p), (n,2n), etc.], the cal-
culations agree reasonably with experimental data. For more complex reaction
sequences such as 16O(n,X)uC, calculations were first made for equivalent pro-
ton-induced reactions and were compared with data. Where necessary, the ALICE
results were adjusted to better agree with such data. These same adjustments
were then used in the prediction of neutron-induced data of interest.

Finally, a particularly interesting reaction for activation considerations
is 12C(n,X)7Be because of the long halflife of TRe. Experimental data’l are
available for the sum of 12C(p,doz)7Be and 12C(p,npa)7Be reactions, which were
used to adjust ALICE calculated results. However, because ALICE calculations
indicated the 7Be production occurring in n + 12C and p + 12C reactions to be

12C(n,X)7Be cross sections assigned to the REAC code were

taken to be identical to 7Be production results from p + 12C reactions.

almost identical, the

F. Calculations of Energetic Neutron and Proton Reactions on Aluminum (E. D.
Arthur)

Group T~2 is presently undertaking an effort to systematically extend
ENDF/B~like nuclear data evaluations to energies beyond the traditional upper
limit of 20 MeV. Concurrently we will provide increased data capabilities
(charged-particle emission cross sections, charged-particle induced reactions)
that are allowed by new format capabilities developed primarily at Los Alamos.12
An initial effort to produce such evaluated data libraries involves the deter-
mination of neutron and proton-induced reaction data on 27Al up to incident
energies of 50 MeV. This contribution will describe portions of the theoretical
calculations performed to provide the required data while the Section R offers
details concerning the methods used to generate the evaluated files.

Preliminary descriptions of calculations made for p + 27

Al reactions are
contained in Ref. 13. These provide general information concerning the theore-
tical models and parameters used. However, for the calculations described here,
more effort was devoted to determination of input parameters, particularly op-
tical model parameters describing neutron, proton, and deuteron emission. The
neutron optical model parameters were based on the global set of Wilmore-
Hodgson14 with adjustments made to better reproduce higher-emergy (> 20 MeV)
total cross sections. Proton optical model parameters were determined to best
fit available proton reaction cross~section data,15 as well as to accurately

describe low-energy proton emission. Deuteron optical parameters were taken



from the global set developed by Perey and Perey.16 Because of the relative
sparsity of deuteron data, several sets of deuteron optical parameters were
tested through comparison of calculated reaction cross sections. Very little
differences were observed among the calculated results, so that the Perey param-
eters were retained. Finally, alpha particle optical model parameters were taken
from information provided in the Perey and Perey compilation.17 Table IT sum-

marizes the optical parameters used for the present calculation.

TABLE II
OPTICAL MODEL PARAMETERS USED IN n + 27Al AND p + 27A1 CALCULATIONS?
r a r
c
Neutrons
V =47 - 0.25E - 0.003E% 1.304 0.66
WSD = 9,52 -~ 0.053E 1.257 0.48
VSO = 7. 1.304 0.66
Protons
Vv = 48. - 0.32E 1.14 0.75
wSD =9, - 0.2E 1.32 0.52
W = -2.7 + 0.2E 1.32 0.52
vol
VSO = 6. 1.01 0.75
1.2
Deuterons
\' = 89.1 -~ 0.22E 1.15 0.81
WSD = 14.4 + 0.2E 1.34 0.68
1.15
Alphas
v = 152. 1.39 0.62
= 33.9 1.39 0.62
vol
1.22

2A)11 well depths in MeV; geometrical parameters and charge radius, . in Fermis.




In preparation for the main body of calculations, direct reaction cross
sections for (p,p') scattering were calculated, as described in Ref. 13 using
the BB values of Ref. 18. Additionally, the weak coupling model was assumed
sufficient to describe scattering from the six states in 27A1 considered. A
similar approach was followed for distorted wave Born approximation calculations
of direct-reaction components to (n,n') scattering.

To further investigate and verify these theoretical calculations, compari-

sons were made with measured particle (n,p,d,a) emission spectralg’20

at E =
15 MeV. These results appear in Figs. 4-7. Likewise, calculated neutron—?n-
duced gamma-ray production spectra were compared with experimental data21 meas-
ured at 20 MeV. This comparison appears in Fig. 8. For proton-induced reaction
calculations, the comparisons described in Ref. 13 were extended through use of
particle emission spectral data measured by Bertrand and Peelle22 at proton
energies of 62 MeV. Figure 9 provides an example of a comparison of our calcu-
lated proton emission spectra with these data. Finally, Fig. 10 provides ex-
amples of calculated neutron and gamma-ray emission spectra produced by 50-MeV

neutron interactions with 27Al.
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Fig. 4. Comparison of calculated proton emission spectra produced by 15-MeV
neutron interactions on 27Al1 with the data of Ref. 19.
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G. Improved Optical Model for Neutron Reactions on Iron from 0.1 to 100 MeV
(E. D. Arthur)

Neutyron optical model parameters originally derived for calculationsz3 of
54,56
o+ 77

Fe reactiomns to En = 40 MeV have been improved, and their range of ap-
plicability extended to 100 MeV. The original parameters of Ref. 23 overpre-
dicted (by approximately 10%) new reaction cross-section data measured after
their determination. As a result, they were not suitable for extemsions of the
calculations of Ref. 23 to higher incident energies. A parameter set applicable
to 100 MeV was derived by Prince,24 but the form of the imaginary potential
appeared to be unduly complicated, consisting of three piecewise continuous
segments for 0.5 < En < 100 MeV.

In order to preserve the quality of fits to lower energy total cross sec-
tion and elastic scattering data, the new parameter determinmation utilized iden-
tical geometry and initial surface derivative well depths as the parameters of
Ref. 23. However, the energy dependence of both the real and imaginary surface
well depths was changed significantly. The volume iwaginary form was altered
completely. The geometry parameters were changed to agree with those of the
real potential. Secondly, the volume imaginary well depth of Ref. 23 was not
particularly realistic because the wvol term became greater than 2zero at an
energy of about 0.8 MeV. 1In the new parameter set, the volume term does not
contribute until an incident energy around 9 MeV is reached.

The resulting parameter set appears in Table III, while in Figs. 11 and 12
comparisons are made with total cross sections up to 100 MeV, and with reaction
cross section data to 50 MeV. The agreement with total cross sections below
40 MeV is quite good and is comparable to the fit achieved in Ref. 23. A simi-
lar quality of fit occurs out to the maximum energy considered, 100 MeV. Fig-
ure 12 compares reaction cross sections calculated using these parameters with
values obtained using the older data set. The higher energy behavior is much
improved while maintaining agreement with lower energy data.

In summary, improved optical model parameters were determined that describe
neutron reactions on iron from 0.1 to 100 MeV. To do so, it was sufficient to
use a standard Woods-Saxon surface derivation potential form rather than a more
complicated form such as that of Ref. 24. These parameters should thus be suit-
able for Hauser-Feshbach preequilibrium calculations in which one needs to si-
multaneously describe phenomena sensitive to both the low- and high-energy be-

havior of the neutron optical potential.
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TABLE III

IMPROVED NEUTRON OPTICAL MODEL PARAMETERS FOR IRON®

V = 49.747 - 0.297E - 0.0003E2
w = -1.6 + 0.18E
vol
Vgy = 6.2
Wy = 6 + 0.42E
Above E]1 = 6 MeV
Wg,, = 8.52 - 0.224 (E-6)

1.287
1.287
1.12

1.345

1.345

0.56
0.56
0.47
0.47

0.47

2A11 well depths are in MeV; geometrical parameters are in Fermis.
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Fig. 11. Comparison of neutron total cross sections calculated using the param-
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eters of Table III with experimental data available up to En = 100 MeV.
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Fig. 12. Comparison of reaction cross sections calculated using the present
parameters with available experimental data and with values obtained using the
parameters of Ref. 23 (dashed curve).

H. Calculation of Higher Energy Neutron and Proton Reactions on 54,56

(E. D. Arthur)

Fe

As part of our effort to extend nuclear data libraries to energies above 20
MeV, we have redone our 1980 calculations23 of neutron reactions on iron iso-
topes. In the process, we extended them to include more reaction paths, along
with careful determination of charged-particle (p,d,a) emission spectra. In
addition, we used the model parameters determined from the higher energy neutron
reaction analysis to calculate cross sections, particle emission (n,p,d,a) and
gamma-ray emission data produced by proton reactions for incident energies up to
60 MeV.

The calculations employed the GNASH preequilibrium statistical model code8
and utilized parameter determination techniques similar to those described in
Ref. 23. Major differences were use of the extended neutron optical model
parameters described in Section G, as well as use of the Perey global deuteron

optical model potential16 to describe deuteron emission.
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Because a substantially different neutron optical model was employed, the
distorted wave Born approximation (DWBA) calculation of direct reaction com=~
ponents to (n,n') scattering was repeated. As in Ref. 23, these DWBA results

were normalized using the Bz values determined from (p,p') scattering measure-

ments.25

However, significant differences were obtained in the magnitude of these
DWBA components at higher incident energies, due mainly to substantial differ-
ences in neutron optical parameters at energies above 30 MeV. These differences
are illustrated in Fig. 13 where excitation functions for scattering from the
0.846 MeV 2+ states in 56Fe are compared as calculated using the improved neu-
tron optical parameters (solid curve) and those of Ref. 23 (dashed curve).

Most of the comparisons for neutron reaction data made in Ref. 23 were re-
peated for the present calculations. Comparable agreement was obtained. Fig-
ure 14 illustrates an additional data type included now that was not previously
considered. The example shown compares the calculated deuteron emission spectra

produced by 15-MeV neutrons on 56Fe with data measured by Grimes et al.26

12'0.0 140.0
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!
’
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-
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Fig. 13. Comparison of excitation fun¢tions produced from DWBA calculations of
(n,n') scattering from the 0.846 MeV 2 1level in 56Fe. The solid curve utilizes

the parameters of Sec. G, while the dashed curve results from the parameters of
Ref. 23.
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Fig. 14. Comparison of calculated deuteron emission spectra produced by 15-MeV
neutrons on °6Fe with data measured by Grimes et al.Z2®

For proton induced reactions, the DWBA calculations were repeated using the
modified Perey proton optical parameters of Ref. 23 along with the Mani ABQ
values.25 Direct reaction components calculated at Ep = 60 MeV were comparable
in magnitude to results obtained for (n,n') scattering using the improved neu-
tron optical model parameters described previously.

Although calculation of proton-induced cross sections and spectra has been
completed for energies up to 50 MeV, extensive verification of the results has
not been completed. However, initial comparisons have been made with charged-

particle emission spectra measured by Bertrand and Peelle27

for 62-MeV proton
reactions on 56Fe. Such results are shown in Figs. 15-17 for protomn, deuteron,
and alpha-particle emission, respectively. Such verification efforts will
continue with the ultimate goal being production of neutron and proton induced

reaction libraries on iron up to incident energies of 50 MeV.
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Fig. 17. Calculated total alpha particle emission spectra for 60-MeV proton
reactions on 56Fe are compared with the data of Ref. 27.

1. Calculations of Higher Energy Proton and Neutron Reactions on 58’60’62Ni

(E. D. Arthur)

Hauser-Feshbach, preequilibrium, direct-reaction, and optical model cal-
culations were made for incident neutron energies between 20 and 50 MeV to
provide basic data required for extension of ENDF/B neutron libraries up to En =
50 MeV. Similarly, data necessary for production of libraries describing ener-
getic proton reactions on nickel isotopes were also calculated. The techniques
used for parameter determination were similar to those described in Ref. 23 and
were developed by R. C. Harper* during a 1980 collaboration with T-2. Although
most parameters were determined and verified by Harper, further work was done to
reconfirm their validity through calculations with improved model code versions,
as well as extension of their use to a systematic study of proton induced reac-
tions on nickel isotopes. Also, the reaction chains used for proton and neutron
calculations were extended to include sixty residual nuclei reached through

n, p, d, and o emission from ten compound muclei.

*R. C. Harper--present address: Sparta Incorporated, Huntsville, Alabama.
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Optical model parameters determined for neutrons, protons, deuterons, and
alphas appear in Table IV. For the neutron optical model, simultaneous fits were
made to total cross sections from 1 to 50 MeV, elastic amgular distributions
above 6 MeV, as well as to resonance parameter data (So, Sl’ R'). For protons,
a modified form of the Perey17 proton optical model parameters was adjusted to
reproduce higher energy p + 5900 reaction cross-section data. The parameters
utilized for alpha particle emission were those of Lemos, as described in Ref.

23. Deuteron emission was calculated using the global parameters of C. Perey

and F. Perey.16

TABLE 1V
OPTICAL MODEL PARAMETERS USED FOR CALCULATION OF
NUCLEON INDUCED REACTIONS ON 58’60’62Nia
r 8
Neutrons
v = 50.06 - 0.3721E 1.287 0.56
W = -0.0941 + 0.197E 1.287 0.56
vol
Vso =6.2 1.12 0.47
wSD = 4.87 + 0.27E 1.345 0.47
Above En = 6 MeV
Wsn = 6.497 - 0.225 (E-6)
Protons
\ = 57.12 - 0.55E 1.25 0.65
wSD = 13.5 - 0.1E 1.25 0.47
wSO = 7.5 1.25 0.47
r =1.25
c
Deuterons
V =94.95 - 0.22E 1.15 0.81
wSD = 14.4 + 0.2E 1.34 0.68
r =1.15
c
Alphas
\' = 193. -~ 0.15E 1.37 0.56
W = 21. + 0.25E 1.37 0.56
vol
r = 1.4

3511 well depths in MeV; geometrical parameters and charge radius, ro in Fermis.
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Distorted wave Born approximation (DWBA) calculations were made to deter-

mine direct reaction contributions to inelastic neutron and proton scattering

58,60,62, .

from collective levels in Deformation parameters available from

(p,p') data were used to normalize these results. TFigure 18 compares results of

28,29

such DWBA calculations to experimental data from 14-MeV neutron inelastic

+
scattering on natural nickel, which excited the first 2 1level of each respec-

tive isotope.
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Fig. 18. Comparison of the angular distribution calcglated using DWBA methods
with data?8>2° measured for excitation of the first 2 state in nickel by 14-MeV
neutron inelastic scattering.
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Confirmation of model parameters, as well as calculated model results, was
made through comparison with various neutron reaction cross-section data [(a,p),
(n,2n), (n,xp), (n,xa), for example] available for these three nickel isotopes.
Additionally, data available for (p,xn), (p,2p), (a,p) and (d,xn) reactions on

nearby nuclei were also used. As an example, Figure 19 illustrates charged-
particle emission spectra calculated for 15-MeV neutron reactions with 58Ni.
These are compared with data measured by Grimes et a1.26 Figure 20 compares

58,60,62

calculated gamma-ray production induced by 15-MeV neutrons on Ni with

data measured by Dickens et al.3o for 14- through 17-MeV neutrons incident on

natural nickel. Finally, Fig. 21 illustrates results obtained for proton-in-

duced reactions where calculated 58

31,32

Ni(p,pn) and (p,2p) excitation functions are
compared with data.
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Fig. 19. Comparison of calculated charged-particle spectra produced by 15-MeV
neuntron reactions on 33Ni with data measured by Grimes et al.26
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63,65

J. Calculation of (p,X) and (n,X) Reactioms on >”“Cu up to Ei = 50 MeV

(E. D. Arthur)

Our analysis of proton reactions on copper isotopes reported in Ref. 33 has
been extended to include features required for higher energy calculations of
neutron and proton reactions up to 50 MeV. These features include additional
comparisons with experimental data, more careful determination of direct reac-
tion components to inelastic scattering, as well as consideration of deuteron
emission in compound-nucleus decays.

In order to include direct reaction contributions to (p,p') and (m,n')
reactions, distorted wave Born approximation (DWBA) calculations were made using
the neutron or proton optical model parameters described in Ref. 33. Secondly,
£ = 2 transfers were assumed for scattering from the lowest 3/2 , 1/2-, 5/2,
and 7/2- states in 63Cu and 65Cu, while the weak coupling model was used to
determine relative cross sections for excitation of these levels. Finally, the
overall normalization of the calculations were made using the (p,p') scattering
data of Ref. 34. Figures 22 and 23 illustrate results obtained for 14-MeV pro-
ton scattering from 63Cu and 65Cu, respectively.

Deuteron emission was calculated using the Perey and Perey global optical
model1 parameters for deuterons. Initial verification comparisons were made
with charged-particle emission spectra measured by Grimes et 31.26 for 15-MeV

neutron reactions on copper. Also new results measured by Holler et a1.35 for

27-MeV 65Cu(p,Xn) spectra provide a test of the calculated neutron emission
spectra for energetic protons. Figure 24 compares our calculations for angle-
int.egrated neutron spectra to these data where good agreement occurs. Further
testing of neutron and proton reaction data is under way in preparation for the
production of higher energy neutron and proton data files using these calculated

results.
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Fig. 24. Calculated neutron emission spectra produced by 27-MeV protons on 65Cu
are compared with the data of Holler et al.3¢

K. Extension of Theoretical Calculations of Nucleon Induced Reactions on
Tungsten Isotopes to 50 MeV (E. D. Arthur)

Parameters utilized for our calculatioms of neutron reactions on tungsten
isotopes (Ref. 36) have been extended and further verified for use at energies
up to 50 MeV. A major effort was devoted to determination of Lane consistent37
neutron and protom optical model parameters suitable for the description of nu-
clear reactions on tungsten or nearly deformed nuclei.

To perform the optical model studies, the coupled-channel code ECIS38 was
utilized with complex form factors and the coupling of the first three members
of the ground state rotational band for the even tungsten isotopes. As a first
step, calculations were made of n + 184W total cross sections up to En = 50 MeV
using the deformed optical model parameters of Ref. 36. Because of the lack of
quality total cross sections for tungsten isotopes, comparisons were made with
the n + 165Ho data of Ref. 39. These initial comparisons indicated that the
energy dependence of the real potential of Ref. 36 was too strong, so that this
coefficient was lowered from -0.4 to -0.25. In addition, the volume imaginary
potential form was charged to W = ~-1.8 + 0.12E. These parameters produced

165, , vol
Ho total cross section data up to En = 70 MeV. This

good agreement with n +
comparison appears in Fig. 25. Using these parameters as a basis, proton opti-

cal parameters were derived and utilized in comparisons with proton elastic and
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Fig. 25. Comparison of n + 185Ho total cross sections calculated using the ad-
justed neutron optical parameters described in the text.

40,41

inelastic scattering data at 16 and 55 MeV. Good agreement was obtained as

illustrated im Figs. 26 and 27. Finally, GNASH8 calculations were made of

182’184W(n,2n) cross sections to further test the neutron optical parameters

described above. As a result of these calculations, the imaginary volume poten-
tial was adjusted to wvol = =-0.7 + 0.12E. This was necessary to correct a

significant underprediction of 13-14 MeV (n,2n) data. A comparison of the

184,

calculated W(n,2n) results using these adjusted parameters with the Frehaut

datal‘2 appears in Fig. 28. Finally, Table V lists the neutron and proton opti-

cal model parameters utilized for calculation of proton and neutron reactions on

182W and 184W up to 50 MeV.

Comparisons of calculations made using these optical parameters are under

183W and 186W. Preliminary results indicate the need for additional

186

way for
parameter adjustment in order to adequately describe W(n,2n) data while main-

taining a compatibility for higher energy calculations.
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Fig. 28. Calculated 184W(n,2n) cross sections using the neutron optical param-
eters of Table V are compared with the Frehaut4? data.

TABLE V

DEFORMED OPTICAL MODEL PARAMETERS USED FOR 182184y
CROSS-SECTION CALCULATIONS®

r a
Neutrons
v = 46.66 - 0.25E 1.26 0.61
1 = ~0.7 + 0.12E 1.26 0,61
vol
Vso =7.5 1.26 0.61
wSD = 3.4 + 0.76E 1.24 0.45
Above En = 45 MeV
WSD = 6.82 - 0.1E
Protons
\'4 = 58.065 ~ 0.25E 1.26 0.61
W = «1.8 + 0.12E 1.26 0.61
vol
Vso =17.5 1.26 0.61
wSD = 6,95 - 0.76E 1.24 0.45

Above En = 4.5 MeV

p = 9-95 - 0.1E
= 1.25

[

B, =0.209

B, = -0.056

2A11 well depths in MeV; geometrical parameters and charge radius, r_ , in Fermis.

cl
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L. Systematic Recalculation of Cross Sections for Neutron Reactions on
Yttrium Isotopes [J. Hurd (INC-11) and E. D. Arthur]

We have begun an effort to systematically re-evaluate data required for
calculations of neutron reactions on yttrium isotopes. These new results will
then be used to redetermine nuclear cross-section data origimally reported in
Ref. 43. Although several isolated calculational efforts have occurred over the
past several years to improve specific types of reaction data, new information,
particularly that reported in Ref. 44, indicates the need for a complete recal-
culation.

As an initial step, we have systematically evaluated and updated nuclear

level information for yttrium isotopes (86’87’88’89

(86,87,88,89

Y) and strontium isotopes
Sr). This was accomplished using information available from the
most recent Nuclear Data Sheets45 as well as examination of relevant experi-
mental information available since 1980.

With this update of nuclear level information in hand, we have begun veri-
fication of improved neutron optical model parameter sets. This will be fol-
lowed by investigation of gamma-ray strength functions using recent 86Sr(p,y)
data.®* At that time, preparations should essentially be complete so that final
Hauser-Feshbach, preequilibrium, and perhaps distorted-wave calculations can

begin.

M. Comparison of Calculated 239

Data (E. D. Arthur)

Pu(n,2n) Cross Sections with New Experimental

In Ref. 46 we reported, as part of a larger theoretical analysis of n +

239 239

Pu cross sections, calculated Pu(n,2n) cross sections to 20 MeV. At that

time reliable data®™* existed only for neutron energies around 14 MeV. Recently,
new measurements of the 239Pu(n,2n) cross section have been reported by Frehaut
et al.,47 which are compared with our theoretical predictions in Fig. 29. The
theoretical calculations (performed in 1983) are verified by these new measure-
ments. Also verified is the theoretical technique used to determine multichance
fission cross section components that compete with multiple neutron emission.
These techniques, as reported in Ref. 48, incorporated consistent analyses of
data available from charged-particle induced fission probability measurements,
which are linked through appropriate theoretical models to calculation of (m,xf)

data.

*R. Gilmore, INC-11, Los Alamos National Laboratory provided this information in
1984.

**Information supplied by R. Lougheed, Lawrence Livermore National Laboratory inm

1985.
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Fig. 29. Theoretical calculations of 23%Pu(n,2n) cross sections reported in
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N. Global Spherical Optical Model Potentials for Neutrons (P. G. Young)

In a review of global and local optical model parameterizations,49 the
performance of seven global neutron potentials in describing experimental s- and
p-wave neutron strengths (SO’Sl)’ potential scattering radii (R'), and neutron
total cross sections (Gtotal) was examined. The spherical optical model (SOM)
potentials considered here are summarized in Table VI.SO“56 The oldest poten-
tial considered is the 1963 Moldauer potential50 and the most recent is the 1985
potential of Walter and Guss,56 still under developmenﬁ.

Figures 30 and 31 compare values of S0 and S1 calculated from the global
parameterizations® in Table VI with values inferred from experimental data.57
Similarly, Fig. 32 compares calculated R' values with "measurements." Note that
the Engelbrecht and Fiedeldey potential52 is not included but is equivalent to
the Moldauer50 potential at low energies. The SOM computer code SCAT79, devel-

oped by Bersillon,58 was used in all the spherical optical calculations.

*All So, Sl’ and R' calculations in this paper are for 10-keV neutrons.
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TABLE VI

NEUTRON SOM GLOBAL POTENTIALS®

Reference Potentials £, a; (fm) c; (fm)
Moldauer, 1963°° Vg = 46.0 1.16, 0.62 0.6
E £ 1 MeV Wb = 14.0 1.16, 0.50 1.1
A > 40 Vo = 7-0 1.16, 0.62 0.6

> B8 - VA R L - - - T o - A D s = D s =P O D " D YR W YR P T P W -

Note: Based on fits to s 0., and OE(B) data for neutrons below 1 MeV, A = 40-150.

0T

St W S e T e D - = A D D R T e . S T . . S e = S S G R D W T D D P AR = = TS D e W R = - -

Wilmore and VR = 47.01-0.267E-0.0018E2 1.322-(7.6-4)A+ 0
Hodgson, 196414 (4.0-6)A%-(8.0-9)A3,
E S 15 MeV 0.66
A > 40 MeV
W, = 9.52-0.053E 1.266-(3.7-4)A+ 0
(2.0-6)A%-(4.0-9)a3,
0.48
Note: Derived from the non-local, energy-independent potential of Perey and Buck.51
Engelbrecht and V. = 46.0 exp[-0.0067E-(2.0-6)E’]  1.16, 0.62 0.6
Fiedeldey, 1967°> Wi = 14.0 exp[-0.017E-(1.2-4)E°]  1.16, 0.50 1.1
E = 0-155 MeV W, = 0.126E exp[-0.001102E" 28] 1.16, 0.62 0.6
A = 40-210 Vgo = 7-0 exp[-0.0067E-(2.0-6)E°]  1.16, 0.62 0.6

- - - - " Sy " G2 > W PP S PR AP W WD W - - D = e - - G - - S = D -y D S 4 W A A G = G P WD R D SR = = . R e - S - - - -

Note: Developed from a nonr-local potential similar to Pg ey and Buck51 but includ-
ing volume absorption. Constrained to match Moldauer™ potential at En ~ 0.

Becchetti and VR = 56.3-0.32E-24.0n 1.17, 0.75 0
Greenlees, 1969°° W, = 13.0-0.25E-12.0n 1.26, 0.58 0
E < 50 MeV W, = 0.22E-1.56 1.26, 0.58 0
A > 40 Vg, = 6.2 1.01, 0.75 0

Note: Starting from a proton potential based on fits to extemsive o_(8), P(6) data
for E_ = 10-40 MeV and A = 58-208, fit neutron O, and 0_(8) for E "= 1-24 MeV, A =
56 - P208. T E n

- @ 0 e P e D - . - e - S P e o P A R R D W R R e D D G S B AR R A= A WD S . - - - e - -

aEnergies in MeV; n = (n-Z)/A; exponential notation example: (7.6-4) = 7.6 x 10-4.
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TABLE VI (Cont.)

Reference Potentials r,, a; (fm) c; (fm)
Patterson et al., Vg = 55.8-0.32E-17.70 1.17, 0.75 0
1976°% W, = 9.6-0.22E-(18.1-0.31E)n 1.32, 0.51+0.7n 0

E = 7-24 MeV Wv = ~1.4+0.22E 1.32, 0.51+0.7n 0
A = 27-209 Vso = 6.2 1.01, 0.75 0

Note: Usingsgane model,37 determined isoscalar potential from Becchetti and
Greenlees”~ analysis and isovector potential from (p,n) angular distribu-
tions at E2 = 25-45 MeV, A = 48-208. Neutron data used only for comparisons.

Rapaport et al., V, = 54.19-0.33E-(22.7-0.19E)n 1.198, 0.663 0
55 - _
1979 (Set A) WD = 4.28+0.4E-12.8n E £15 1.295, 0.59 0
E = 7-26 MeV = 14.0-0.39E-10.4n E> 15
A = 40-208 WV =0 E<15 1.295, 0.59 0
= -4.3+0.38E E> 15
Vg = 62 1.01, 0.75 0

Note: Fit neutron elastic angular distributions between 7-26 MeV for singly
or doubly closed shell nuclei only in the range A = 40-208.

Walter and Guss, V, = 52.56-0.31E-(16.5-0.081E)n E<40

R
56 _ .
1985 = 52.56-12.4 [1+2n (E/40)] 1.219, 0.688 0
E = 10~80 MeV + {16.5-3.24 [1+2n(E/40)]1}n E>40
A > 53 W, = 10.85-0.157E-14.94n E>9.9 _ 1.282, 0.512 0
W, = -0.963+ 0.153E E<39.4 1.38+3.76/A, 0
= -0.963+0.153E - 0.557-0.462/JA
{1-0.332n (E/39.4)] E>39.4
Vgo = 5.767-0.015E+2n 1.103, 0.560
Wgo = 0.791-0.018E 1.364, 0.632

Note: Using Lane model formulation, fit neutron o, 0.(68), A(6) between 10
and 40 MeV, and proton OE(O), A(8) between 20 and 85 MeV for A = 54-209.
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Fig. 30. Comparison of calculated s-wave neutron strength functions for six
global SOM potentials with experimental values for A = 20-250.
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Overall, the Moldauer potential appears to best reproduce the SO’ S1 and R'
experimental results. This is not surprising, of course, because that analysis
focussed on low neutron energies and used S0 in its fits. The largest devia-
tions from experiment are seen in the rare earth and actinide regions, where
static deformations are large. Concentrating on the mass range below 150, where
the spherical potentials have more validity, it appears that the three newer po-
tentials of Patterson et al.,54 Rapaport et al.,55 and Walter56 reasonably rep-
resent the measurements. In general, these three potentials appear to reproduce
the data about as well as the Wilmore and Hodgson potential, and somewhat better
than Becchetti and Greenlees.

Neutron total cross sectiomns calculated from the potentials of Table VI are

89y in Figs. 33 and 34. Also in-

cluded are calculations with the regional potential of Kawai,60 developed and

compared with experimental data59 for Ca and

used for structural materials. The measurements have been rather grossly aver-
aged to reduce some of the structure effects. None of the potentials follow the
experimental values for Ca particularly well below ~ 4 MeV. At higher energies
several potentials do reasonably well, especially those of Moldauer, Walter,
Patterson, and Rapaport. The same low energy problems occur for Ni (see Sec. 0)

except they are less severe and are mainly below 3 MeV.

15 238

0Nd and U are

given in Figs. 35 and 36, together with the regional fissiomn product potential

Similar comparisons for the total cross sections of

of Igarasi61 and the regional (SOM) actinide potential of Madland and Young,62
which stops at 10 MeV. These nuclei have significant static deformations, so
the large deviations seen in Figs. 35 and 36 are not surprising, with the gen-

.. . 8
eral features of minimum undershoot and maximum overshoot. 1In the case of 23 U

’
reasonable agreement with experiment is seen only for the actinide spherical
potential of Madland and Young.

In summary, the newer global potentials of Patterson, Rapaport, and Walter
1? R’
data, and the Op results for A < 150, E £ 20 MeV as well as or better than the
pre-1970 potentials. Of the older global sets, the Wilmore potential has the

(and particularly the latter two) appear to follow the low-energy SO’ S

most overall consistency with the Orp data to 20 MeV. To draw any finer distinc-

tions, it is necessary to look in more detail at the potentials.
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58

0. Performance of Global Optical Potentials in Calculations of n + " Ni

Reactions (P. G. Young)

To examine the global optical model potentials of Sec. N more closely in

the structural material region, detailed calculations of n + >8

Ni reactions
were performed.

Figure 37 includes comparisons of 58Ni total, shape elastic, and reaction
cross sections, calculated with the potentials of Table VI, at neutron energies
between 10 keV and 20 MeV. Large differences (20-30%) are evident among the
various potentials. The weakest agreement with Op measurements is at low ener-
gies, where the Becchetti potential in the upper part of the figure and all the
potentials in the lower part are ~ 209 higher than experiment from 0.7-2.0 MeV.
Significant differences also occur among the calculated shape elastic and reac-
tion cross sections. The most obvious outrider in the comparisons is the high
Becchetti reaction cross section at most energies and the relatively low
Becchetti shape elastic cross section from ~ 2-10 MeV.

The differences in reaction cross sections seen in Fig. 37 should be mani-
fest in calculations of specific partial reaction cross sections. To quantify
these effects, Hauser-Feshbach statistical-theory calculations were performed
for each of the potentials illustrated in Fig. 37, as well as for three local
potentials. The COMNUC63 and GNASH8 code systems were utilized for the calcu-
lations with no attempt being made to optimize parameters. Width fluctuation
corrections were included at neutron energies below 5 MeV, and channels for out-
going protons and alphas, in addition to neutrons and gammas, were provided at
all energies. Experimentally-observed discrete levels were included for each
residual nucleus, matched smoothly to continuum level representations using the
Gilbert and Cameron64 formalism and Cook65 parameter tables. Direct reaction
contributions were estimated for low-lying 58Ni levels using a single set of
DWBA calculations with the Harper66 local potential. Optical model parameteri-
zations for protons and alphas from Harper's 58Ni analysis66 were utilized to
calculate charged-particle transmission coefficients. A giant-dipole resonance
shape was used for the El gamma-ray strength function, with a single normaliza-
tion factor based on 58Ni(n,y) measurements near 100 keV. The comparison cal-

culations were made by changing inputted neutron transmission coefficients from

the various spherical potentials, leaving all other parameters constant.
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