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EXPERIENCE AT LOS ALAMOS WITH USE OF THE OPTICAL MODEL FOR APPLIED
NUCLEAR DATA CALCULATIONS

P. G. You.'g
Los Alamos Nationa! Laboratory

ABSTRACT

While many nuclear models are importaut in calculations of nuclear data, the optical model usually
provides the basic underpinning of analyses directed at data for applications. An overview is given
here o° experience in the Nuclear Theory and Applications Group at Los Alamos National
Laboratory in the use of the optical model for calculations of nuclear cross section data for applied
purposes. We consider the direct utilization of total, elastic, and reaction cross sections for
neutrons, protons, deuterons, tritons, SHe and alpha particles in files of evaluated nucle ar data
covering the enctgy range of 0 to 200 MeV, as well as transmission coefficients for reaction theory
calculations and neutron and proton wave functions in direct-reaction and Feshbach-Kerman-Koonin
analyses. Optical model codes such as SCAT and ECIS and the reaction theory codes COMNUC,
GNASH, FKK-GNASH, and DWUCK have primarily been used in our analyses. A summary of
optical model parameterizations from past analyses at Los Alamos will be given, including deiailed
tabulations of the parameters for a selection of nuclei.

I. INTRODUCTION

The optical model frequently provides the basis for theoretical analyses and/or data
evaluations that are used in providing nuclear data for applicd purposes. In addition to offering a
convenient means for calculation of reaction, shape elastic, and (neutron) total cross sections,
optical model potentials are widely used in quantum-mechanical preequilibrium and direct-reaction
theory calculations and, most importantly, in supplying particle transmission coefficients for
Hauser-Feshbach statistical-theory analyses used in nuclear data evaluations. This paper collects
and reviews optical model potentials developed over the last several years for applied nuclear data
analyses in the Nuclear Theory and Applications Group at Los Alamos National Laboratory.

Section II outlines the methodology used for determining many of the potentials described
here. Section III includes tabulations of a selection of spherical optical model potzntials that have
been utilized at Los Alamos in nuclear data calculations, and Section IV gives a similar summary
for coupled-channels optical model potentials. Finally, conclusions and recommendations are
givenin Section V.

II. METHODOLOGY

In the sections that follow a standard form is used for the optical model potential and
the various components of the potential.! In particular, the potential is represented by a
combination of Woods-Saxon volume and surface derivative terms with (Vg, tg, agr), (Wy, v,
ay), (Wp, rp, ap), and (Vso, rso, aso) indicating the rcal central, volume imaginary, surface



derivative imaginary, and real spin-orbit components. In the parameterizations given below, the
apbreviations

n=——=1-— 0y

and
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A .

173

are employed in the isospin and couiomb correction terms, respectively. In Egs. (1) and (2) the
quantities N, Z, and A are the neutron, proton, and atomic mass numbers of the carget nucleus,
respectively, and z is the charge number of the projectile. Note thz: when plus or minus signs are
used with the isospin terms in general expressions for proton or rcutron potentials, the minus sign
is used for neutrons and the positive sign for protons.

For our calculations we typically use the spherical optical model codes SCAT? by Bersillon?
or SNOOPY8 by Schwandt.3 In the cuse of SCAT2, we have extended the option to cal! buil:-in
parameterizations to include many additional global and regional parameterizations. For coupied-
channels calculations we use either the ECIS code by Raynal® or the JUPITOR code, as modified
by Rebei et al.5 In cases where detailed neutron optical model analyses are required, we typically
ccmbine the SPRT method® (fitting experimental values of s- and p-wave neutron strengths,
potential scattering radii, and low energy neutron total cross sections) with fits to differential elastic
scattering data at higher encrgies. We often combine analyscs of neutron and proton data using a
simple Lane model. In cases where accuracy requirements are not too demanding, we use existing
global or regional parameterization:, in calculations.

III.  SPHERICAL OPTICAL MODEL POTENTIALS
A. Global Potentials at Icident Energies Below 50 MeV

A number of giobal optical model potentials have been developed for nuclear physics
calculations at incident energies below ~ 50 MeV, especially for ncutrons. A review of ncutron
global parameters is given in Ref. !, and the older review by Percy and Perey? is still useful for
charged-particle potentials. A global neutron potential developed since the 1985 review that has
proven useful for calculations of nuclear data for fusion reactions is a modification by Yamamuro®
of the surface imaginary term in the Walter and Guss? potential below an incident ncutron energy
of 20 MeV, as follows:

Wp(MeV) = 50-149410+0271E,  0<E,<10MeV

(3)
=771-1494n 10 < E; <20 MeV



All other parameters are taken from the Walter and Guss potential, and that potential is used intact
at neutron energies above 20 MeV. We have found the Yamamuro/Walier potential to be quite
useful in cases where detailed optical model analyses are not availzble.

B. Glohal Potentials at Incident Energies Above 50 MeV

Possibilities for global optical model parameterizations above 50 MeV are considerably inore
restricted. Starting from a global proton potential by Schwandt et al.,10 Madland!! developed a
poential that covers a wider energy range and that is generalized for neutrons and protons through
the Lane model. The Madiand potential was developed by analyzing data for 3 nuclic < in the
mass range 27 < A < 208 and the encrgy range 5(, MeV < Eq p < 400 MeV. We have ircorporated
a form of the Madland potential 12 modificd for nonrelativistic calculations over the range 50 MeV <
Enp < 140 MeV into tie SCAT2 code; this potential is listed in Table 1.

Table 1. Global spherical optical model potentials foi incident neutrons and protons over the
incident encrgy range 50 McV < Ep [, < 140 MeV and for the mass range 24 < A < 208

NEUTRONS
Well Depth (McV) Geometry (fm)

vR = 105.5 - 16.51 -0.4*Z/A1/3 - 17.14375 In(Ey) g = 1.125 + 0.0301 E,

agp = 0.675 + 0.00031 E,
Wp =0.0

.650 - 0.0024 E,,

Wy =2.4346 + 0.1016 Eq - (9.288E 4) E,2 + (3.87E-6) E,3 rv=1
ay = 0.328 + 0.00244 E,

Vo = 19.0 +3.757 - 3.154 In(Ey) rso = 0.920 + 0.0305 A3
=0.98 (A < 40)
aso =0.768 - 0.0012 E,

PROTONS (rc = 1.25 fm)
Well Depth (MceV) Geonetry (fm)
Vk =105.5 +16.5n - 17.14375 In(Ep) rg = 1.125 + 0.001 E;
ag = 0.675 + 0.00"31 E,
wp =0.0

Wy =2.4346 + 0.1016 Ej - (9.28815-4) Ep? + (3.87E-6) Ep? rv = 1.650 - 0.0024 E,
ay = 0.328 + 0.00244 L

Vso = 19.0 +3.751 - 3154 In(I5) rso = 0.920 + 0.0305 Al/3
= .98 (A < 40)
sy = {).768 - 0.0012 l;l)



For deuterons, tritons, 3He and alpha particles, we have modified the SCAT2 code to include
a simplified Watanabe model!3 to derive potentials at medium energies. Details of the Watanabe
transformation are also described by Madland.11

Other techniques for simplifying and facilitating development of optical model potentials are
summarized in Ref. 1. These include the method of approximating an odd-A rotational nucleus in
coupled-channels calculations by using appropriately chosen fictitious levels in an adjacent even-A
(K=0) nucleus.14 This procedure can reduce the computer time required to perform coupled-
channels ¢~ culations for odd-A rotational nuclei, aithough some penalty in accuracy and setup time
mus: be paid. Another technique that has good potential but that has had litte use is the method
outlined by Madland and Young!3 that permits the adaptation of spherical optical model potentials
for coupled-channels calculations by simply scaling the imaginary surface potential by the relation

Wya,

—-—:a

V/,a; ’ @

where the primed and unprimed quantities refer to the spherical and deformed potentials,
respectively, and a is a constant that can be optimally adjusted but which is typically = 0.7.1

C. Regional and Local Potentials
1.  Neutron, Proton, and Alpha Potentials for Analysis of n + 27Al Reactions

A reaction theory analysis of neutr.n cross sections on 27Al has been carried out with the
FKK-GNASH code in some detail to 49 MeV for a planned update of the ENDF/B-VI data file,
and in less detail to 100 MeV’ for comparison with high-resolution ¥-ray measurements.16 1n this
study the neutron potential of Petler et al.17 was found to reproduce the available experimental data
up to 60 MeV or so, and at higher energies the Madland potential!! appeared to reliably track the
total and reaction cross sections to above 100 MeV. For proton channels a form of the Perey
proton potential!8 was used for proton energies below 30 MeV, with the foliowing modification to
the imaginary surface potential:

Wp(MeV) =13.5-0.15Ep. (5)

In the energy range 30 MeV < Ep < 100 MeV, the Madland globai potential'! was employed for
protons. The alpha-particle potential was taken from an analysis of n + 545¢Fe reactions!? (see
next section) and was used up to 100 MeV.

These potentials produce good agreement with elastic scattering, (n,p), (n,n’), (n,a), and
nonelastic cross secticns over the range of available data, and give reasonable agreement with
neutron, proten, and alpha-particle 2mission spectrum measurcments at 14 MeV. Additionally,
reasonable agreement is observed in calculations of discrete gamma-ray production cross sections
for (n,n'y) and (n,2nYy) reactions to 60 MeV.16 The optical model potentials for r.eutrous and alpna
particles are given in Table 2.



Table 2. Spherical optical model potentials for 27Al + n calculations over the incident neutron

energy range | ke < Eg < 100 MeV. For Eq > 60 MeV, the global potential of
Madland!! was used for neutrons (Table 1).

NEUTRONS
Well Depth (MeV) Range (MeV) Geomatry (fm)
Vg =51.55-0.308 E, 0 < E, <60 R=1.18 aR = 0.64
Wp =6.07 O<Ec<15 p = 1.26 ap = 0.58
=6.07- 0.10 (Eq - 15) IS5<E<60 .
Wy =0.00 O0<Ey<15 rv = 1.26 ay = 0.58
=-2.625 +0.175 Ey I5<Ep<60
Vso= 6.0 0<Ep<60 rso = 1.01  aso =0.50
ALPHA PAKTICLES (rc = 1.4 fm)
Well Depth (MeV) Range MeV) Geometry (fm)
Vg =193.0-0.15E4 0<iEg <100 rgr = 1.37 aR = 0.56
Wp = 0.00 0<Eq <100
Wy =21.0+025Eq 0<F4 <100 v =137 ay =0.56

B. Neuiion, Protos, and Alpha Potentials for Analysis of n + 34.56Fe Reactions

Starting from an analysis of reactions on 3456Fe and nearby nuclei,1? an optical model
parameterizasion was developed for use in calculating ncutron and proton reactions to 100 MeV.20
These parameters have been used recently to calculate n + 56Fe cross sections to 40 MeV for a
planned upda‘= of ENDF/B-VT and to compar: with experimental measurements of alpha particle
spectra from the Weapons Ncutron Rescarch (WNR) facility.2! Calculated cross sections agree
reasonably with the available experimental data, including 3¢Fe(p,n) and (p,2n) measurements as
well as (n,xy) data and neutron elastic angular distributions. The neutron, proton, and alpha
particle optical model parameters are includec ‘n Table 3.

C. Neutron, Proton, and Alpha Potentials for Analysis of n + 59Co Reactions

Similar to the above calcuiations on Fe, reaction theory analyses that were made earlier sor n
+ 59Co reactions? have been modified slightly fcr a planned extension of the ENDF/B-VTI library
to 40 MeV and for calculations of alpha particle spectra to ccrrpare with recent measurements from
WNR.23 Again, these parameters result in gocd agreement with the available total, elastic,
nonelasti., inelastic, and (n,2n) cross section measurements «nd reasonable agreement with (n,p)
and (n,a) data. The parameters are listed in Table 4. It should be noted that reaction theory
calculations using these parameters have only been perfoitied to ~ 50 MeV but reasonable total and
reactior; cross sections are calculated out to 100 MeV. Also note that the earlier set of alpha
parameters given in Ref. 22 aisv give good results, especially at lower neutron energies.



Table 3. Spherical optical model potentials for 3+-56Fe + n calculations over the incident neutron
energy range 1 keV < E, < 10C MeV. Above 62 MeV for nentrons ar.d 28 MeV for
protons, the Madland global potentiali! is used (Table 1).

NEUTRONS TQ 62 MeV
Well Depth (MeV) Range (McV) Geometry (fm)
VR =49.747-0.297 Ey- 0.0003 g2 0<Eqy <62 rr=1.287 ar=0.56
Wp =6.00+0.42 E, 0<Ep<6 rp=1345 ap=047
=8.52-0.224 (Eqg - 6) 6<Eg<62 ,
Wy =0.00 0<En<89  rv=1287 ay=056
=-1.60 + 0.18 E, 89 SEps 62
Vo = 6.20 0<Eq<62  rso=112  aso=047

PROTONS TO 28 MzV (rc = 1.25 fm)

Well Depth (MeV) Range (MeV Geometry (fm)
Vg =58.384-0.55Ep 0<Ep<28 g =125 ag=0.65
Wp =135-0.15E; 0<Ep<28 =125 ap=047
Wy =0 0<Ep<28
Voo = 7.5 0<Ep<28 rso = 1.25 agp = 0.47

ALPHA PARTICLES (rc = 1.4 fm)

Well Depth (MeV) Range (MeV) Geometry (fm)
Vp =193-0.15E¢ 0<Eq <100 rgR =137 ar=0.56
Wp = 0.00 0<Eq< 100
Wy =21.0+ 025 Ey 0<Eq <100 rv=137 ay=0.56

D. Neutron, Proton, and Alpha Potentials for Analysis of n + 64.56.68Zn Reactions

A set of optical model parameters for Zn isoiopes was developed in support of 14.8-MeV
activation measurements of the $4Zn(n,p)®#Cu and %4Zn{n,2n)%3Zn cross sections, covering the
incident neutron energy range up to 20 MeV.24 The parameters were obtained by fitting elastic
angular distribution and total cross scction measurements, and were validated in calculations of
activation cross sections for neutron reactions on 94.66.68Zn and for (p,n) reactions on 63Cu and
65Cu. The optical model parameters that resulted are given in Tatle 5.

£. Neutron and Proton Potentials for Analysis of Neutrcn Reactions on Sr, Y, and Zr

Isotopes

Results of 2 detailed analysis of neutron and proton reactions on Sr, Y, and Zr isotopes at
incident energies irom 50 keV to 20 MeV were reported in 1980.25 The optical model parameters
obtained in that study were thoroughly tested against experimental data over that energy range.



Since that time, the optical model analyses and reaction theory calculations have been extended to
higher energizs. Calcuiations of ..cutron-induced reactions on 89% have been compared with
higher energy (n,xy) measurements from WNR.26 Similarly, in the case of 90Zr proton-induced
reactions were calcilated to 160 MeV for the recent NEA-sponsored intermediate energyv data

calculations.2’ The optical model potentials for protons and neutrons used in these studies are
given in Table 6.

Table 4. Spherical optical model potent als for 59Co + n calculations over the incident neutron
energy range 1 keV S Ep < 100 MeV. Above 62 MeV for neutrons and 23 MeV for
protons, the Madland global potentialll is used.

NEUTRONS
Well Depth MeV) Range (MeV) Geometry (fm)
Ve =47.604 - 0.3636 E, - 0.0003 En2 0 < E; <62 rr = 1.2865 ag =0.561
Wp =8.047 + (G.0805 E, 0<Ep<6 mp = 1.3448 ap=0.473
= 8.530 - 0.2509 (Eq - 6) 6<Ep<62
Wy =0.00 0<Ep<0.5 rv=1.3448 ay=0.473
=-0.0721 +0.1475 E, 0.5<Ep<62
Ver = 6.20 0<Ep<62 rso=1.12  ago=0.47

PROTONS TO 23 MeV (rc = 1.25 fm)

Well Depth (MeV) Range (MeV) Geometry (fm)
Vr =57.175-0.55Ep 0<Ep<23 « =125 agr=0.65
Wp =135-0.15Ep 0<Ep<23 =125 ap=047
Wy = 0 0<Ep<23
Voo = 7.5 0<Ep<23 rso = 1.25 agpo=0.47

ALFHA PARTICLES (rc = 1.4 fm)

Well Depth (MeY) Rang: (MeV) Geometry (frm)
Vr =217.0-0.15E4 0<Eqg <100 R =1416 ag=0.493
Wp =0.00 0<Eq <100
Wy =240 0<Eyq <100 ry = 1.416 ay=0493

Table 5. Optical Model Parameters for Neutron Reactions with Zn Isotopes.

Well Depth MeV) Range (MeV) Geometry (fm)
Vg =49.11-16n-0.376E 0 <E; <20 rr=1295 agp=0.58
Wp = 8.545 - 8n 0 €<Ep< 20 rp=1295 ap=048
Wy = 0.094 + 0.197E 0 €£Ep< 20 rv = 1.295 ay =0.58

Vso = 6.2 0 <Ep< 20 rso=1.12 as0=0.48



Table 6. Spherical optical model potentials for proton and neutron reactions on Sr, Y, and
Zr isotopes in the vicinity of A = 90. At energies above the maxima indicated, the
global potential of Madland!! was used for protons and neutrons.

n+ 89y
Well Depth (MeV) Range (MeV) Geometry (fm)
Ve =49.5-0.28 Ey 0 <E, <1 k= 1.24 ag = 0.62
Wp =4.63+03Eq 0<Eqa< 10 ip=1.26 ap = 0.58
=7.63-0.13E, 10S E, <21 .
Wy =0 0<Ey<109 ryv = 1.24 ay = 0.62
=-1.42+0.13 E, 109 < E; < 21
Vso = 6.2 0<Ep<?2l rso=1.12  ago =047
n+%Zr
Well Depth (MeV) Range (MeY) Ge. metry (fm)
Vg =49.0-028 E, 0 <E, <20 R =124 ag =0.62
Wp =34+03E, 0<Ea<10 m=1.26 ap = 0.56
=64-0.13Eq4 10 Ep <20
Wy =0 0<Ep<109 rv =124 ay = 0.62
=-1.42 + 0.13 E, 109 < E, <21
Vso = 6.2 0<Ep<20 rso = 1.1 ago = 0.47
p_+ Sr
Well Depth (MeV) Range (MeV) Geometry (fm)
VR =564 +24n +AV.-032E, 0<Ep<2l] =120 ar=0.68
Wp =3.0+0.60 Ep 0<Ep<175 p=1225 ap=0.40
=135-0.15Ep 17.5<Ep< 21
Wy = 0 0<Ep<2l
Voo =6.4 0<Ep<2l] rso=1.03 asp=0.63
p+Y
Well Depth MeV) Range (MeV) Geometry (fm)
VR =564 +24n+AV.-032E,; 0<Ep<2l] irR=120 ag=0.73
WD-40+OSE§ C<Ep<175 ip=130 ap=0.40
-1275 0.15Ep 17.55 Ep < 21
Wy = 0<Ep<2l

Vso = 0.4 0<Ep<2l rso=1.03 aso=0.63



IV. REGIONAL AND LOCAL COUPLED-CHANNELS OPTICAU MODEL POTENTIALS
A. Incident Neutron and Proton Potentials for Nuclides in the Region 63 S Z < 82

A number of coupled-channels optical model analyses have been performed at Los Alamos
for use in reaction theory calculations, including several rare earth and transition elements. In all
cases modified SPRT® approaches were used to determine the neutron parameters, requiring
reasonable agreement with low-energy resonance data and neutron total cross sections, as well as
with =lastic and inelastic scattering measurements if available. Inclusion of proton data in most
cases was accomplished using a simple Lane model. )

An analysis was performed of neutron-induced reactions with 165Ho and 169Tm to establish
reasonable optical parameters for reaction theory calculaticns on Tm isotopes.28 The parameters
are based mainly on fits to 169Tm low-energy resonance and total cross section data, and to a
neutron elastic scattering angular distribution measurement for 165Ho at 11 MeV. The parameters
are listed in Table 7.

In preparation for a major update of the ENDF/B-V cross sections, a coupled-channels
optical model analysis was performed on the W isotopes.28 That analysis included high-resolution
neutron elastic and inelastic scattering data below 4 MeV, neutron total cross sections, 16-MeV
(p.p") differential cross sections, and low-energy resonance data. A set of neutron parameters
specific to each major isotope was obtained in the analysis, and the potentials produce good
agreement with the available data to 20 MeV. Since that time, a general form of the potential was
extended to higher energies and was used to calculate data libraries to 100 MeV for incident
neutrons and protons.20 The generalized potential is included in Table 8.

Table 7. Coupled-Channels Optical Model and Deformation Parameters for Proton and Neutron
Reactions with 165Ho and 16°Tm.

Well Depth (MeV) Range(MeV) Geometry (fm)

Vr =498t 16n + AV, -0.25E 0 <E<100 rrR= 1.26 ag = 0.63

Wp =5.020 £ 8n+ 0.51E 0 <E< 65 p=1.26 ap = 0.48
=8.335+8n-0.092(E-6.5) 65S<E<100

Wy =0 0<E<83 rv = 1.26 ay =0.63
=-1.0+0.12E 83<E< 100

Vgn = 6.0 0 <E<100 rso= 126 agp=0.63

B2 (165Ho) = 0.30 P4 (165Ho) = -0.02 (3 States Coupled)
B2 (19Tm) =0.29 PB4 (169Tm) = -0.01 (5 States Coupled)



Table 8. Deformed optical potential for proton and neutron reactions on W isotopes over the
energy range 10 keV to 100 MeV.

Well Depth (MeV) Range(MeV) Geometry (fm)

VR =49.731216n +AVc-025E 0 SE<100 g = 1.26 ag = 0.61

Wp =4.95 1 8n+ 0.76E 0 SEs< 45 rp=1.24 ap =0.45
=8.3718n-0.1E - 4.5) 45<E<100

Wy =0 0<SEs<SS8 rv=126 ay =06l
=-0.70 +0.12 E S8<E<100

Vo =175 0 <E<100 rso=1.26 asp=0.61

(3 States Coupled) rc=120

B2(182W) = 0.223  B4(182W) = 0.054
B2(183W) = 0.220  P4(183W) = -0.055
B2(134W) = 0.209  P4(184W) = 0.056
B2(186W) = 0.195  P4(186W) = 0.057

Because of a need to provide radiative capture cross section calculations for Eu and Re
isotopes, very similar coupled-channels potentials were developed for the two systems covering
the neutron energy range up to 20 MeV. The results were utilized in (n,y) cross section
calculations for 151,153Eu29 and 185.187Re 30 The parameterizations are included in Tables 9 and
10. Similarly, a requirement to perform (n,xy) calculations on 197Au led to an investigation of
coupled-channels potentials for that system. In that case the potential of Delaroche3! was found to
be highly suitable and was used to perform extensive calculations to 20 MeV.32 The potential,
which was later used to calculate data for the ENDF/B- VT evaluation, is given in Table 11.

An optical model potential coupling in vibrational states was developed for n + 208Pp
reactions, primarily for use in analyzing high-resolution (n,xy) measurements33 and in performing
calculations for the NEA intermediate energy data calculations.2? Beginning with the coupled-
channels neutron potential by Shamu and Young34 (obtained for experimental neutron data in the
range 8.5 to 10 MeV), the potential was modified and extended to both lower and higher neutron
energies by matching the avaiiable experimenta! nicutron total, elastic scattering, and nonelastic
scattering data. The collective model assumed for 208Pb was a first-order vibrational model with
complex coupling. Excited states included in these calculations were all the 208Pb states below 10
MeV excitation energy known from various alpha-particle, proton and/or electron inelastic
scattering experiments to be highly collective, as follows: discrete states at 2.615(3), 4.085(2+),
4.323(4%), 4.424(6%), and 4.610(8+) MeV,; and a low-energy octupole resonance (LEOR) state,
centered at 5.38 MeV (3-). The PL used for the discrete states were adopted proton values,33
except at Ex = 2.615 MeV where B3 =0.1i5, and Ex = 5.38 where B3 = 0.10 was used. The
potential that resulted, which is presented in Table 12, gives a reasonable representation of the
available neutron total, elastic, and nonelastic scattering data to approximately 200 MeV.



Table 9. Coupled-"hannels Optical Model and Deformation Parameters for 151,153Ey Isotopes

Well Depth MeV) Range(MeV) Geometry (fm)
VR =49812 16N +AV--0325E, O <SE;< 20 rR=128 ag=0.63
Wp =4.0218n+ 0.51E, 0 <Eys 10 rip=128 ap=048
=9.12 1 8n - 0.09(E, - 10) 10 SEx< 20
Wy =0 0 <Eps 8 rv=128 ay=0.63
=-2.0+0.1Eq 8 SEas 20 i
Vso = 6.0 rso=1.28 aspo=0.63

B2 (151Eu) = 0.16 B2 (153Eu) =0.30 Pg (I51153Eu) =0 (3 States Coupled)

Table 10. Coupled-Channels Optical Model and Deformation Parameters for Neutron
Reactions with 185187Re

Well Depth (MeV) Range(MeV) Gecmetry (fim)
VR =49.81 160 + AV, - 0.30E, 0 <Eps 20 v=126 ag=0.61
Wp = 4.02 £ 8n+ 0.75E, 0<Eys9 =126 ap=047
=10.77 £ 8n - 0.05(En - 9) 9 <Eps 20
Wy =0 0D <Eps 9 rv=126 ay=0.61
=-1.8 + 0.2E, 9 <Eps 20
Voo =75 0 <Eys 20 rso=1.26 aso=0.61

B, (185Re) = 0.22 B4 (185Re) = -0.085 (3 States Coupled)
B2 (187Re) = 0.21 B4 (187Re) = -0.085 (3 States Coupled)

Table 11. Deformed optical potential for proton and neutron reactions on 197Au over the energy
range 10 keV to 57 MeV.

Well Depth (MeV) Range(MeV) Geometry (fm)

VR =499 1 18n +AV.-0.25E 0 <E<S7 rr=1.26 agp = 0.64

Wp =4.20 £ 9+ 0.50E 0 <E< 10 rp=1.26 ap = 0.47
=920x9M - 0.18(E - 10) I100SE<S7

Wy =0 0<Es<10 rv =1.26 ay =0.63
= -8.54 + 2.7 VE 10SE<S7

Vso = 6.2 0 <E<S7 rso=1.12  ago=047

rc=1.10

B2 =0.30 Bs= -0.02 (3 States Coupled)



Table 12. Coupled-channels optical model potential for 208Pb + n calculations over the neutron
energy range 1 keV < E; <200 MeV

Well Depth (MeV) Range(MeV) Geometry (fm)
VR =50.041in +AV:-0.279 E, 0<En<60 rr = 1.183  ar =0.6966
=111.0925tn + AVe-19InE, 60<E;<200
Wp = 1.000 = + 0.2502 E, O0<Ep<l4 m=1273 ap=0.699
= 5.722 in - 0.08705 E, 14 < Ep £65.7
=0 65.7<Ep<200 .
Wy =0 O0<Ep<144 rv = 1.273  ay =0.699
=-260+0.18 E; 144<Ey<40
= 2.20 + 0.06 E, 40 <E; <100
= 8.20 100 < E; €200
Vg) = 6.18 0<En<200 rso=l.l6 aso=0.()77

B. Actinide Potentials for Incident Neutrons and Protons

Coupled-channels optical potentials have been developed for several actinides in order to
provide theoretical analyses36:37 for ENDF/B-VI evaluations. The analyses use as a starting point
the potentials determined by Lagrange,38 with modifications to enhance agreement with data,
especially above 10 MeV. As described above, low-energy resorance data, neutron total and
differential elastic and inclastic data were used to optimize the potentials. In this manner potentials
have been determined for neutron reactions on  235.237.238y), 237Np, 239,242py, and 241Am, and
the parameters are listed in Table 13.

In conjunction with our work in extending data libraries to higher encrgies, a generaliz 2d
neutron/proton potential was developed for 238U that was used in reaction theory calculations to
100 McV.20 This parameterization is included in Table 14,

V. CONCLUSIONS

In this paper a variety of optical model potentials used in reaction theory anaiyses at Los
Alamos National Laboratory have been assembled and presented. While many other potentials
have been used that are not included here, the present list is a rcasonable sampling of our cfforts
and includes the systems for which more concentrated efforts have been made. In all cases
presented, however, we expect that refinements and improvements can be made. Our hope is that
the present parameterizations will be adequate with minimal revision for some applications and will
provide an initial basis for future detailed analyses.

The parameterizations included here become progressively less certain as the incident energy
increases.  In our view substantial additional work is needed at higher energies and into the
medium energy region in order to put optical model characterizations on a sound basis. In addition
to the Madland potential described here,!! Kozack and Madland have combined Dirac



phenomenclogy with a relativistic generalization of the Lane model to fit both neutron total cross
sections and proton elastic scattering data for 208Pb between 95 and 300 MeV.39 It is our view
that a systematic study utilizing both a Schrdinger and Dirac apprcach is needed to develop a
reliable global nucleon-nucleus optical model potential that extends into the medium energy region.

Table 13. Optical Model and Deformation Parameters Used in the Coupled-Channel Calculations

for Actinides
n + 235U Parameters (E, = 0 - 30 MeV)
Well Depth (MeV) Range(MeV) Geometry (fm)
Vr =464 -0.3E, 0 <E;< 30 rr= 126 ar=0.63
Wp =3.3+04E, 0 <E <8 rp=1.24 ap =0.50
= 6.5 - 0.046(E, - 8) § <Ep< 30
Wy = 0 N <E<7 rv=1.26 ay =0.63
= -0.7 + 0.1E, 7 <Ep< 30
Vso = 6.2 0 <E;< 30 rso=1.12 ago = 0.47
B2 = 0.215 B4 =0.075 (3 States Coupled)
n + 237U Parameters (E, = 0 - 30 MeV)
Well Depth (MeV) Range(MeV) Geometry (fm)
YR =46.25 - 0.275E, 0 <E;< 30 rr=1.26 ar=0.63
Wp =3.206 + C.4E, 0 <E;< 8 m=1.26 ap =0.52
=6.406 - 0.046(E,-8) 8<E, < 30
Wy = 0 0 €E;< 8 rv = 1.26 ay =0.63
=-1.4 +0.175 Eq 8 <E,< 30
Vso = 6.2 0 <E;< 30 rso=1.12 ago=0.47
B2 = 0.195 Pa=0.060  (6States Coupled)
n + 238U Parameters (E, = 0 - 30 MeV)
Well Depth (MeV) Range(MceV) Geometry (fm)
Vi =46.2 - 0.275E, 0 <E < 30 rR=126  ag=0.063
Wp = 3.18 + 04E, 0 <E;~ 8 m =126 ap =0.52
=638 - 0.046(F,-8)  $<E,;< 30
Wy = (0 0<li; €8 rv = 1.20 dy = 0.63
=-1.4 + 0175 By 8 SEy< 30
Vey = 6.2 0 <E < 30 reo= 142 ag, =047
B2 = 0.198 Ba=0.057 (3 Staws Coupled)



n + 237Np Parameters (E, = 0 - 30 MeV)
Well Depth (MeV) Range(MeV) Geometry (fm)
Vg = 46.2 - 0.3E, 0 <Ep< 30 rrR= 1.26 ap = (.63
Wp =3.6 +04E5, 0 <Ep< 8 mp=1.24 ap =0.52
= 6.8 - 0.046(E. - 8) 8<Ep< 30
Wy =0 0 <E <7 rv = 1.26 ay = 0.63
=.0.7 + 0.1E, 7<Ep< 30
Vgn =6.2 0 €<E;< 30 rso=1.12 aso=0.47
B2 =0.214 Ba=0.074 (3 States Coupled)
n + 239Pu Parameters (E, = 0 - 30 MeV)
Well Depth (MeV) Range(MeV) Geometry (fm)
Vr =46.2-03E, 0 <E;< 30 rr=1.26 ap=0.63
Wp =33+ 045E, C <Ep< 8 p = 1.24 ap = 0.50
= 6.9 - 0.046(Ey, - 8) B<En< 30
Wy =0 () <Ep<7 rv = 1.26 ay = 0.63
= 0.7 + 0.1E, 7<Ep< 30
Vso = 6.2 0<E,< 30 rso=1.12  ago=0.47
B2 = 0.205 Bs =0.075 (7 States Coupled)
n + 242Py Parameters (E, = 0 - 20 MeV)
Weli Depth (MeV) Range(MeV) Geometry (fm)
Vg =53.016-0344E,-24.5n 0 <E;< 20 rr= 1203  ar=0.30 + 1.492n
Wp = 8905-0.255E,-136n 0 <E;< 20 rp = 1.306
ap = 0.25 + (0.733E-2)E,, + 1.421
Wy =V 0 €E;<27 rv = 1.306
=-0.566 + 0.21E, 27<Ep< 20 ay = 0.25 + (0.733:2-2)E, + 1.421
Vm = 6.2 0< En < 20 Iso= 1.01 dso = 0.75
Bz = 0.260 Bg = 0.036 (5 States Coupled)
i + 24lAm Parameters (E, = 0 - 30 MeV)
Well Depth (MceV) Range(MeV) Geometry (fm)
Vk =46.23 - 0.3E, O0<E;< 30 rg = 1.25 ag = 0.60)
W), =3.314 + 0.45E, 0<E, < 8 =124 ap =055
=6914 - 0.046(E,-8) 8<E;< 30
Wy = 0 0<li;< 8 ry = 1.24 ay = 055
=.1.6 +0.2E, 8<E;< 30
Vi = 6.2 N<E,< 30 o= 101 aso=0.75
2 =0210 g =0.0756 (5 Sttes Coupled)



Tabl

e 14. Coupled-Channels Optical Model and Deformation Parameters for Neutron and Proton
Reactions with 238U to 100 MeV

n + 238U Parameters (En,p = 0 - 100 MeV)

Well Depth MeV) Range(MeV) Geometry (fm)

VR =49.84 161+ AV - 0.29E + 0.0005SE2 0 <E< 30 rr= 126 ag=0.63

Wp = 3.18 1 8x + 0.4E 0<E< 8 =126 ap=0.52
= 6.38 - 0.046(E - 8) 8<E< 30

Wy = 0 0<SES 8 rv =126 ay=063
=-07+0.10E 8 SE< 30

Vso = 6.2 0SES 30  rs0=1.12 ago=0.47

B2=0.198  Ps=0057 (3 States Coupled)
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