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We present global Dirac optical model 6ts to elastic proton scattering data from heavy nuclear

targets at energies between 65 and 1040 MeV. Such optical potentials provide critical input for a

wide variety of nuclear reactions. The energy and mass number dependence of the parameters in

the Lorentz four-vector and scalar potentials of Dirac phenomenology are given. The characteristic
features of the potentials are discussed and the predictive power of the global approach presented
here is tested for both interpolation and extrapo1ation.

I. INTRODUiliON

There is considerable interest in relativistic treatments
of nuclear reactions such as (e,e'p), (p,p'), (p, 2p), (p, n ),
and (y,p). In these studies the Lorentz four-vector (time-
like component only) and scalar optical potentials used in
the Dirac equation are generally employed to obtain dis-
torted waves for use in both relativistic and nonrelativis-
tic D%BA calculations. ' In addition, they can provide
input to relativistic coupled channel treatments of inelas-
tic nucleon-nucleus scattering. This increased demand
for relativistic optical model potentials has led to the de-
velopment of global fitting approaches for treating elastic
nucleon-nucleus scattering data over a wide range of en-
ergies. ' These approaches have, however, considered
only the energy dependence of the potential parameters.
In this work we present a global optical potential treat-
ment which includes both the energy (E) and mass num-
ber ( A) dependence of the Dirac optical potential param-
eters. The model used is the standard Lorentz-scalar-
Lorentz vector model of Dirac phenomenology which has
been remarkably successful in reproducing a large body
of elastic nucleon-nucleus elastic and inelastic scattering
data over a wide range of projectile energies and target
mass numbers. '

By way of introduction we review briefly the global
treatments described in Refs. 8—10. The global poten-
tials described in Refs. 11 and 12 were designed for
speci6c purposes. In Ref. 11 the imaginary optical poten-
tia1 for ' C was investigated between 200 and 300 MeV.
The potentials given in Ref. 12 were used in (p, 2p) reac-
tion calculation for Ca and have a form similar to that
described in Ref. 9.

In general, the scalar and vector optical potentials are
written

V(r, E)= V,(E)f,(r, E)

+i [ Wo(E)go(r, E)+ W o(E)ho(r, E)],
S(r,E)= V, (E)f, (r,E)

+i [W, (E)g,(r, E)+ W„(E)h,(r,E)] . (2)

are written'

U„„,= (2EV+2rnS —V +S —2V, V+2EUn), (4)
1

cent

= 1U~=
2E

1 d pdA 3 dir
2r2Q dr dy 4/2 dr

1 dA
rA dr

The imaginary parts can contain both volume and surface
terms. The real f(r, E) and imaginary g(r, E) volume
form factors have, in a number of cases, been taken to be
symmetrized Woods-Saxon (SWS's) and the surface form
factors h (r, E) are taken as the derivative of a SWS with,
of course, the possibility of difFerent geometry parame-
ters. The surface terms were included in order to extend
the model to low energies. For future reference we note
that the effective central and spin-orbit potentials arising
in the second-order Dirac equation given by

[V +(E —V, ) rn 2E(U«„, +U—, , cr—L)]g(r)=0
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and where

A (r)=(rn+S+E —V —V, )/(rn +E) .

The Coulomb potential is calculated from the empirical
charge distribution of the target nucleus as tabulated in
Vol. 37 of the Atomic and Nuclear Data Tables. %'e
have checked the effect of replacing V, by a uniformly
charged sphere with the same rms radius and find the
differences to be small; however, we encourage the use of
the correct Coulomb potential.

The authors of Ref. 8 considered elastic p+ Ca
scattering data at energies above 150 MeV and employed
four different assumptions regarding the energy depen-
dence of the potential parameters as well as several forms
for the volume form factors; no surface terms were in-
cluded. The use of several models was made in order to
provide a method for testing the effects of possible ambi-
guities in the potentials upon reaction calculations. In
case one, the geometries of the real scalar and vector po-
tentials were assumed to be energy independent with the
parameters fixed by the method described in Ref. 16,
which used a simplified one-boson exchange potential
(OBEP) model of the NN potential to determine the po-
tential parameters. In case two, the real optical poten-
tials were constrained by relativistic Hartree considera-
tions as described in Refs. 8 and 13. Thus, in both cases
all of the energy dependence of the real optical potentials
was contained in the strength parameters. For both cases
the imaginary strengths and geometries, taken as SWS's,
could have quadratic energy dependence. The other two
cases considered in Ref. 8 were investigated under a more
restrictive scenario in which both real and imaginary
form factors, taken as SWS's, were assumed to be energy
independent. In these two cases all of the energy depen-
dence is embedded in the strength parameters. The au-
thors of Ref. 8 achieved quite acceptable global fits to the
elastic scattering data considered and the parameters ex-
hibited good properties with respect to interpolation.

In Ref. 9 global Dirac optical potentials for p+ Ca
for the energy range 21-200 MeV were reported. In this
energy region the imaginary part of the efFective central
potential changes from a volume to a surface peaked
form. In order to accommodate this change, surface
terms were added to the scalar and vector imaginary
parts, and the energy dependence of these surface terms
was assumed to be that of a decaying exponential. In
Ref. 9 all of the energy dependence was assumed to be in
strengths. The energy-independent geometries were
searched on, and a common geometry was found for all
energies considered. One interesting observation was
that the following combinations of potential strengths
are, in order of decreasing importance, relevant for fitting
elastic data: V„+V„S'„+W„V„—V„and 8'„—8' .

In Ref. 10, a global analysis of intermediate energy nu-
cleon + Pb scattering data has been performed simul-
taneously for both neutron and proton scattering data by
including recently measured neutron total cross sec-
tions' in addition to proton elastic scattering data.
Several different energy dependences were studied to con-
struct best-fit nucleon-nucleus potentials for the energy
interval of 95-300 MeV.

II. THE OPTICAL POTENTIAL MODELS

This work employs the standard Lorentz scalar-vector
optical potential model of Dirac phenomenology.
GRUMBLE, a modified version of the Dirac partial wave

program RUNT, is used in the analysis. Independent
checks of the results are made using the Dirac coupled
channel program SENITH. ' Using these completely in-

dependent programs gives us confidence in the numerical
work. Both of these programs have been used in the
analysis of nucleon-nucleus elastic scattering data for
wide range of projectile energies and target mass num-

bers.
Now we discuss the two parametrizations for the glo-

bal optical potentials used in this work. As we cover a
large range in A, and plan to consider an even larger
range, it is desirable to take into account recoil effects.
This we do using the Cooper-Jennings procedure de-
scribed in Ref. 20. This procedure has the appealing
feature of just requiring that the optical potentials be
multiplied by factors depending on the invariant, &s, the
total c.m. energy of the p-A system. Two Cooper-
Jennings recoil factors, one for the Lorentz scalar poten-
tial and one for the Lorentz vector potential, are defined
as follows:

E
R„= (8)

and

WT
R, =

Here ET is the total c.m. energy of the target nucleus and

WT the mass of the target nucleus.
A simple extension of the optical potentials described

In this paper we give a global parametrization of the
Dirac optical model potential whose parameters are func-
tions of both energy and target mass number. We believe
these global optical models have the most extensive range
of E and A to date; regardless of whether the treatment is
relativistic, as in this work, or nonrelativistic. Of course,
the potentials obtained here can be used in nonrelativistic
calculations by using the definitions of the effective cen-
tral and spin-orbit potentials given in Eqs. (4) and (6).
The data set consists of elastic proton scattering data for
heavy nuclei from Ca to Pb in the energy range of
65—1040 MeV.

The organization of the paper is as follows. In Sec. II,
we describe the two models employed in the analysis and
the experimental data set used. The parametrization of
the global optical potentials with respect to their E and A
dependence is presented. The results of the global optical
potential analysis are examined in Sec. III. This section
discusses the quality of the typical fits to the data as well

as the predictive power of the model with respect to both
extrapolation and interpolation in E and A. An example
of the use of both global potentials in inelastic p+ A

scattering is given in Sec. IV. Section V includes a sum-

mary of the conclusions, and plans for the future exten-
sions of this work.
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in Ref. 9 is described first. For the vector potentials we
write

V„(r,E, A)=R, (VO+ V)/E+ V2/E +V3/E )

and

z, =ao, +a„/A +a2, /A +a3, /E+a4;/E +a5, /E

(14)

and

Xf (r, R&,z&) (10)

W„(r,E, A ) =R, ( Wo+ W) /E + W~ /E + W3/E )

Xf (r, R2, z2)+R„W»
d

Xexp( —AE)z3 f(r, R3 z3)

and the scalar potential has the same form, with vector
parameters and the Cooper-Jennings recoil factor re-
placed by their scalar counterparts. In Eqs. (10) and (11),
E is the total energy of the incident proton in the c.m.
frame in MeV divided by 1000 MeV. The volume form
factors f (r, E,z) are SWS's given by

f (r, R,z)= t 1+exp[(r —R)/z]}

X (1+exp[ (r +—R)/z]I (12)

The geometry parameters R; and z, have E and A depen-
dence given by

where i = 1, 2, and 3 and the extension to the scalar po-
tentials is clear. The surface term geometry parameters
are assumed to be independent of E so that R3 and z3 are
functions of A only. The results obtained from this pa-
rametrization described are denoted as fit 1.

At the conclusion of our work using fit 1 we observed
that the volume integral per nucleon of the real and
imaginary scalar and vector potentials at a given energy
were almost independent of A. To order (z ) the volume
integral of the form factors given by Eq. (12) is

(4/3)mR(R +sr z ), (15)

and is, for fit 1, approximately proportional to A. When
the diffuseness parameter z is taken to be a quadratic
function of A, the radius parameter R may be written as

A' '(ao+a, A '+a, A' ') .

Using this observation we write the second parametriza-
tion for the vector potentials as

V„(r,E, A)=R, (VO+ V)/E+ V2/E +V3/E )

R, = A '
(ro, +r„/A +rz; /A +r3; /E

+ r~; /E +r q, /E ) and

Xf (r, R i,z&) (16)

W, (r, E, A)=R„(WO+W, /E+ W2/E +W3/E )

Xf (r, R2, z2)+R„(WO»+ W„~/E + Wz»/E + W3»/E )z3 f (r, R3 z3) .
3

(17)

The geometry parameters R; and z; are given by

(r . +r . A +rl Oi li 2l

+ r 3; /E + rz /E + r 5; /E ),
z; =ao;+a&;A+a2, . A +a3;/E+a4;/E +a5, /E, (19}

where i =1, 2, and 3 and, as in fit 1, R3 and z3 are as-
sumed to be independent of E. The scalar potentials are
defined in the same way. This second parametrization is
denoted as fit 2.

III. ANALYSES AND RESULTS

In this section we describe the two global analyses
which use the optical potentials discussed above. %e dis-
cuss the characteristic features of the Lorentz scalar and
vector potentials obtained, as well as those of the effective
central and spin-orbit potentials given by Eqs. (4}and (6),
respectively. However, as the data sets considered, and
the treatment of those data sets is of paramount impor-
tance in any global treatment of experimental data, we
turn now to a discussion of them.

The experimental data sets used in the global optical
potential search are given in Table I along with the refer-
ences for them. Nonlocalities in the optical potential
and/or channel coupling efFects are presumably impor-
tant at larger angles. Therefore we restrict the data sets
to those angles smaller than 90', or angles correspond-
ing to momentum transfer 3 fm ', whichever is smaller.
To allow for possible systematic errors we changed the
cross section errors by adding 3% of the cross section in
quadrature with the quoted experimental errors to form
the final cross section errors, her. For the spin observ-
ables A~ and Q, we added 0.02 in quadrature to the ex-
perimental errors given for these observables to form the
final errors b, A and EQ. In addition, in order to weight
the various observables as we11 as the various data sets in
a manner which, at least approximately, gives them
roughly equal standing, in the least-squares sense, we
multiplied the g 's by the weighting factors given in
Table I. The total y minimized during the search is
given by

(20)
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TABLE I. Listed are the experimental data sets used in the global searches. The total y per degree of freedom for fits 1 is 8.37
and that of fit 2 is 8.24.

Target

40C

T~ (MeV)

65.0
80.0

135.0
160.0
181.3
200.0
300.0
400.0
497.5
613.0
797.5

1040.0

30
42
33
32
29
93
90
56

154
138
113
61

30
22
0

16
29
93
90
56

156
0.

118
24

0
0
0
0
0

12
0
0

32
0

30
0

0.7
0.7
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9

0.5
0.5
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

Fw
Fit 1/Fit 2

1.0888/1.0608
0.9620/0. 9519
1.0032/0. 9845
0.9392/0.9186
0.9580/0. 9352
1.0024/0. 9702
1.0710/1.0443
1.0617/1.0440
1.0062/1.0028
1.0886/1. 1010
1.0158/1.0333
1.0188/1.0209

Reference

21
22 23

23
22 23
22 23

24
25
25

26,27
29

30,31,32
33

48C

56Fe

Ni

65.0
497.5
797.5

1044.0

65.0

65.0

23
126
75
60

28

30

23
142
69.
0

28

30

0.7
0.9
0.9
0.9

0.7

0.7

0.5
0.7
0.7
0.7

0.5

0.5

0.2
0.2
0.2
0.2

0.2

0.2

1.0163/1.0009
0.9512/0.9194
0.8980/0. 8566
0.8916/0.8118

1.0295/1.0107

0.9419/0.9271

21
26
30
33

21

21

"Zr 65.0
80.0

135.0
160.0
182.0
500.0
800.0

26
59
71
42
32

147

131

24
24
0

27
0

158

129

0
0
0
0
0
0
0.

0.7
0.7
0.9
0.9
0.9
0.9
0.9

0.5
0.5
0.7
0.7
0.7
0.7
0.7

0.2
0.2
0.2
0.2
0.2
0.2
0.2

1.0687/1.0561
0.9247/0. 9473
0.9340/0. 9639
0.8592/0. 8685
0.9686/0. 9618
0.9604/0. 9611
1.0885/1.0637

21
22 23

23
22 23

23
26

34

208pb 65.0
80.0

121.0
160.0
182.0
200.0
400.0
497.5
797.5

51
56
67
59
37
99

143
122
194

51
0
0

30
47

100
143
159
108

0
0
0
0
0
0
0

24
29

0.7
0.7
0.9
0.9
0.9
0.9
0.9
0.9
0.9

0.5
0.5
0.7
0.7
0.7
0.7
0.7
0.7
0.7

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

0.9684/0. 9391
0.9986/1.0102
0.9693/0.9864
1.0328/1.0306
0.9714/0.9653
0.9291/0.9250
1.0419/1.0387
0.9570/0. 9829
0.9928/1.0042

21
23
23

22 23
22 23

25
35

26,28
32,34,36

where N is the total number of data sets in the search.
The individual y 's are written for each data set j,

where co, co~, and co& are the weighting factors for the

jth data set and FN is the normalization of the cross sec-
tion for the jth data set given by

Xo'

N„
'2

A (i)—A (i)

co„hAr(i)

(2 la)

(21b)

g [o„„(i)o,„p(i)/[Acr(i)] ]
i=1

N

Q [[o.,„p(i)] /[b o.(i)] J

(22)

and
2

(21c)

FN is searched on and the values are given in Table I.
The data set used in the analysis contains 4602 data
points.

The difference between the optical potentials used in fit
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TABLE II. Global optical potential parameters for fit 1 as given in Eqs. (10)—(14). The strengths are given in MeV, the geometri-
cal parameters are in fm, and A. is dimensionless. A computer program GLQBAL which produces tabulated scalar and vector poten-
tials from these parameters is available from the authors. See Ref. 49. (NE + n denotes N X 10".)

Vo

V)

V2

V3

~01

iz&

~4&

~s&

Qpi

~11

a2]
031

~41

Qs)

Vector (real)

—0.593 711E+02
0.243 991E+03
0.422 820E +03

—0.281 139E+03
0.164460E +01

—0.133264E +02
0.334 714E +03

—0.163 304E +01
0.169 182E +01

—0.505 995E +00
0.309 170E +01

—0.942 102E +01
0.170789E +03

—0.996093E +01
0.140 240E +02

—0.6S1 832E +01

Scalar (real)

0.144 635E +03
—0.115015E +04

0.864 680E +03
—0.281 139E+03

0.165 499E +01
—0.133258E +02

0.325 457E +03
—0.166097E +01

0.174 220E +01
—0.545 308E +00

0.211 241E +01
—0.785 078E +01

0.133 156E +03
—0.603 129E +01

0.897 855E +01
—0.440 066E +01

Wo

W)
Wq

W3

f02

~&2

22

f42

rs2

aop

&&z

a42

&sz

W,p

03

F13

23

&O3

~13

~23

Vector (imaginary)

—0.187 370E +03
0.261 183E +03

—0.247 983E +03
0.127 567E +03
0.731 599E +00

—0.378 503E +01
0.710760E +02
0.159 654E +01

—0.223 619E +01
0.116266E +01
0.100 835E +01

—0.326 173E +02
0.968 429E +03

—0.870 205E +00
0.101 693E +01

—0.37S 525E +00
0.391 326E +03
0.265 868E +01
0.109 691E +01
0.212 733E +02

—0.100298E +04
0.950 649E +00

—0.531 595E +02
0.136272E +04

Scalar (imaginary)

0.767 390E +02
0.896 685E +02

—0.247 983E +03
0.127 567E +03
0.106401E +01

—0.233 260E +01
0.229 048E +02
0.603 736E —01
0.537 633E —01
0.680 720E —01
0.646 036E +00

—0.406 376E +02
0.132 273E +04
0.160 396E +00
0.166 333E +00

—0.278 618E +00
—0.778 311E+05

0.726 225E +01
0.117 144E +01
0.445 545E +01

—0.418 481E +03
0.840 840E +00

—0.434 704E +02
0.131 545E +04

TABLE III. Global optical potentials parameters for fit 2 as given in Eqs. (16)-(19). The strengths are given in MeV and the
geometry parameters in fm. A computer program Gj oaAL which produces tabulated scalar and vector potentials from these parame-
ters is available from the authors. See Ref. 49. (NE +n denotes N X 10".)

Vo

Vi

Vq

V3

~o&

121

P3

~4&

~sl

&oi

~41

~sl

Vector (real)

0.162 663E +03
—0.428 584E +03

0.959 310E+03
—0.374 010E +03

0.118 178E +01
—0.123 158E +00

0.234 456E —01
—0.638 310E+00

0.514 879E +00
—0.513080E —01

0.367 009E +01
0.900 712E —03

—0.125 634E —05
—0.125 369E +02

0.167 826E +02
—0.742 252E +01

Scalar (real)

—0.786 320E +03
0.215 619E +04

—0.281 098E +04
0.103025E +04
0.968 875E +00

—0.281 597E +00
0.219 828E —01
0.227 499E +00

—0.527 801E +00
0.346 211E+00
0.290 644E +01
0.881 106E —03

—0.141 390E —05
—0.944 671E +01

0.128 925E +02
—0.582 424E +01

Wp

Wp

Wq

W3

p2

112

f22

F32

F42

52

ao2

a&2

a3z

&42

as2

Wp, p

W„p
Wq, p

~03

~13

ap3

Q)3

&23

Vector (imaginary)

—0.949 660E +03
0.308 267E +04

—0.374 717E +04
0.156 799E +04
0.228 S99E +00
0.332 582E +01
0.528 099E —01
0.290 166E +01

—0.453 304E +01
0.230 291E +01
0.189 637E +01

—0.276 306E —02
0.131470E —04

—0.513 141E+01
0.736 379E +01

—0.346 781E +01
0.665 325E +03

—0.122 515E +04
0.661 619E+03

—0.378 568E +02
0.817 165E +00
0.228 100E +01
0.481 430E —01
0.769 104E +00

—0.259 660E —02
0.131676E —04

Scalar (imaginary)

0.127 600E +04
—0.438 397E +04

0.537 798E +04
—0.222 344E +04

0.205 572E +01
0.127 931E+01
0.206 096E —01

—0.454 134E +01
0.561 357E +01

—0.206 883E +01
0.338 803E +00

—0.388 022E —02
0.196 852E —04
0.219 169E +01

—0.274 821E +01
0.114420E +01

—0.392 81SE +03
0.887 654E +03

—0.558 651E +03
0.100 80SE +02
0.820 507E +00
0.211 267E +01
0.627 332E —01
0.970 102E +00

—0.337 844E —02
0.155 953E —04
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400 I I Q I 400

200
VR

200
SI

-200— -200—
VI

SR

400 =- ———

R (fm)
6 8

-400:
I

2

SR

I c a & s

4 6

R (fm)
8 10

FIG. 1. The real scalar (SR) and imaginary scalar (SI), and
the real vector (VR) and imaginary vector (VI) optical potentials
for p+ Ca from fit 1. The solid lines give the potentials at
497.5 MeV and the dashed lines give the potentials at 65 MeV.

FIG. 3. The scalar, SR and SI, and vector, VR and VI, opti-
cal potentials for p+' 'Pb from fit 1. The solid lines give the
potentials at 497.5 MeV and the dashed lines give the potentials
at 65 MeV.

1 given by Eqs. (10) and (11) and those of fit 2 given by
Eqs. (16) and (17) is in the energy dependence of the
strength of the imaginary surface term. In both cases the
volume terms have polynomial energy dependence. How-
ever, the two fits treat the order of the polynomial includ-
ed in the search differently. In fit 1, presented in Table
II, cubic terms were retained for the combination V, + V,
and 8'„+8'„quadratic terms for V„—V„and linear
terms for O'„—W, . Including the geometry parameters
and the energy-dependence parameter in the surface
strength, there are a total of 77 parameters. For fit 2, the
coefficients are given in Table III; all four combinations
contained cubic terms, as did the surface terms. Fit 2 has
a total of 84 parameters. As can be seen from the total y
per degree of freedom given in Table I, the fits are of
comparable quality and, in fact, both fit 1 and fit 2
represent the cross section and spin observable data quite
well.

The scalar and vector global optical potentials for

p + Ca and p + Pb are shown in Figs. 1-4 for two

different incident proton energies, 65 and 497.5 MeV.
The corresponding behavior of the imaginary surface
terms, which are included in Figs. 1 —4, are shown in
Figs. 5-8. It is clear that the fit 1 parametrization has
considerably less surface peaking than fit 2, and that in fit
2 the surface peaking persists to much higher energies.

In order to get some feeling for the relationship of
these phenomenological potentials with potentials ob-
tained from a more microscopic procedure, we show in
Figs. 9 and 10 comparisons with the relativistic impulse
approximation (RIA) calculations of Ref. 37 and well as
the calculations of Murdock and Horowitz, RIA-MH,
which extend the RIA to include some exchange effects
as well as an approximate treatment of Pauli blocking. In
Fig. 9 we show the results for p+ Ca at 497.5 MeV.
Here the RIA works very well. Below 400 MeV the
corrections included by Murdock and Horowitz become
more important, and in Fig. 10 we show their results

along with the standard RIA. At the lower energy it is
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FIG. 2. The same as Fig. 1 except for fit 2. FIG. 4. The same as Fig. 3, except for fit 2.
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dashed lines give the potentials at 65 MeV.

FIG. 7. The surface term optical potential for p + Pb from
fit 1. The solid lines give the potentials at 497.5 MeV and the
dashed lines give the potentials at 65 MeV.

clear that the optical potential produced by the un-
corrected RIA does not agree with the phenomenological
potential.

In Figs. 11-14 we show the typical quality of the
agreement with data for several cases. All of the observ-
ables are well reproduced up to 3 fm ' (corresponding to
32', for 497.5 MeV p +~Ca). Of course single-energy,
single-A fits give lower y 's, but we feel that for a global
parametrization which spans such a large range of E and
A that the results are acceptable.

It is, of course, very important that the parametriza-
tion allows interpolation so that we can predict optical
potentials for energies or targets not included in the data
set. Interpolation in energy was done for p + Ca at 362
MeV, shown in Fig. 15, and in mass number for p + ' Sn
at 795.5 MeV, shown in Fig. 16. In Fig. 15, we observe
that both cross section and A are fairly well reproduced;

however, the second and third minima in cross section
are slightly shifted inward in angle in comparison with
the data. As shown in Fig. 16, interpolation in A pre-
dicts an optical potential which gives a very good repre-
sentation of both cross section and A data for ' Sn at
795.5 MeV.

Finally we consider interpolation to an odd-A target.
Consideration of targets which are deformed presents a
particularly difficult problem as the scalar-vector (SV)
model may not be appropriate. In spite of this, we con-
sidered the slightly deformed target Y at 65 MeV and
the results of this interpolation, shown in Fig. 17, are
very good for this case; however, predictions for the cross
sections (no A data are available) for the very deformed
targets ' Sm and ' Yb at 800 MeV are not satisfactory,
as shown in Fig. 18. Therefore, we would urge caution
when using the global parameters for deformed nuclei.
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FIG. 6. The same as Fig. 5, except for fit 2. FIG. 8. The same as Fig. 7, except for fit 2.
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FIG. 15. Predicted elastic scattering observables at 362 MeV
for p + Ca calculated using the parameters of fits 1 (solid line)
and 2 (dashed line). The data were not part of the global data
set. The experimental data are from Ref. 39.
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FIG. 17. Predicted elastic scattering observables at 65 MeV
for the odd- A target p + Y, calculated using the parameters of
fits 1 {solid line) and 2 (dashed line). The experimental data are
from Ref. 21.
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the lowest energy included in the fit. The results of calcu-
lations using the predicted optical potentials are shown in
Fig. 19 along with data. Fits 1 and 2 give qualitatively
the same results as is shown in the figure, although nei-
ther give the normalization correctly. For both cases the
calculated cross section exhibits a slightly deeper first
minimum that the data, although the calculated Ay
reproduces data fairly well. The results of a similar extra-
polation for Pb at 40 MeV are shown in Fig. 20, and in
this case the results from both fits are somewhat more ac-
ceptable over the angular range included in the data set.
An extrapolation in E and interpolation in A can be test-
ed, considering the cross section data for the calcium iso-
topes ' ' ' Ca at 45 MeV, unfortunately spin observ-
ables are not available for most of these targets but, as
shown in Fig. 21, the cross sections are quite well repro-
duced out to 90 deg. In order to illustrate the problems
which can occur if the extrapolation is too large, we show
the results of an extrapolation to 21 MeV. The results,
shown in Fig. 22, retain some of the features of the data,
but clearly are not a quality fit. It is not possible to test
the extrapolation to higher energies, as data do not exist
except for light nuclei. We have no reason to expect the
extrapolation to higher energies within the A range in-
cluded in the fit would be better than that of the extrapo-
lation to lower energies.

The results of an extrapolation in A to ' O prove to be
completely terrible and illustrate the danger of using the
parameters outside the range of the fit. Our advice re-
garding extrapolation in A is do not do it. We anticipate
that global parametrizations for light nuclei will be avail-
able in the near future; single-energy fits or fits for single
A's can be obtained from the authors.

In order to compare with nonrelativistic treatments we
consider the effective central and spin-orbit potentials
defined in Eqs. (4) and (6). These efFective central and
spin-orbit potentials for p + Ca and p + Pb are shown
in Figs. 23 —26 for the same cases considered in Figs.
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FIG. 19. Elastic scattering observables at 40 MeV for

p + Ca, calculated using extrapolation of the parameters of fit

1 {solid line) and fit 2 {dashed line). The experimental data are
from Refs. 42 and 43.
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1-4. It is interesting to note that the imaginary central
optical potential for p+ Ca shown in Fig. 23 has rough-
ly the same value (between —36 and —40 MeV) at the
origin for both energies. The lower energy has a longer
range, the rms radii are 3.56 and 3.53 fm for the 497.5
MeV fit 1 and fit 2 cases, and 4.48 and 4.66 fm for fit 1

and fit 2 at 65 MeV. The real central optical potentials
are, of course, very different. At 497.5 MeV we observe a
pocket of attraction at the nuclear surface, while the 65
MeV potentials are attractive throughout and have a
longer range. The real spin-orbit potentials for p+ Ca
shown in Fig. 24 exhibit a strong energy dependence,
with the 65 MeV fits being almost a factor of 3 larger at
the maximum, which occurs at about 3.5 fm for both en-
ergies. The imaginary spin-orbit potentials all have
roughly the same value at their respective maxima; how-
ever, the position of the maxima shifts to larger radius as
the energy increases. As is shown in Fig. 25, the imagi-
nary central potentials for p + Pb exhibit the same be-
havior as p+ Ca at the origin; all fits at both energies
have a value very close to —40 MeV, with the range of
the potential being larger at 65 MeV. The two rms radii
at 65 MeV are 6.99 fm (fit 1) and 7.04 fm (fit 2) as com-
pared to 5.61 fm (fit 1) and 5.57 fm (fit 2) for 497.5 MeV.
Again the 497.5 MeV real central potentials exhibit a
pocket of attraction at the nuclear surface and, at 65
MeV, the real central potentials clearly show a nonstand-
ard shape. The real spin-orbit potentials for p+ Pb,
shown in Fig. 26, are smaller than those for p+ Ca.
The values at the maximum for 65 MeV are again a fac-
tor of 3 larger than those at 497.5 MeV. In contrast to
p + Ca, the value of radius at which the maxima in the
spin orbit occurs is about the same for both real and
imaginary parts of the spin-orbit potential at both ener-
gies. One of the features of these analyses is that they
predict a more general geometry for the effective central
potentia1 than is commonly used in most nonrelativistic
calculations. This departure from WS shapes is a feature
of the Dirac approach, and is due to the presence of non-
linear terms in the central potential.
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IV. A TEST OF RESULTS
USING A COUPLED CHANNEL DIRAC TREATMENT

OF INELASTIC SCATTERING
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FIG. 25. The Schrodinger equivalent effective central poten-
tials for p + Pb for the same cases given in Figs. 3 and 4. The
curves are identified as in Fig. 23.

In this section we present a test of the effects of the
different global parametrizations on a simple reaction cal-
culation. We consider inelastic proton-nucleus scattering
within the framework of the collective model. The treat-
ment is relativistic in that the calculations are done using
a Dirac coupled channel (CC) approach; see Refs. 5 —7.
In order to test the effects of using different direct poten-
tials we consider the following procedure. First, excellent
representations of the 3 inelastic observables for Ca at
500 MeV have been obtained within a generalization of
the nonrelativistic collective model appropriate for use in
a Dirac equation. In this model the direct potential is
determined by fitting the elastic data, and the Lorentz
scalar and vector transition potentials for a state of mul-
tipolarity A, are simply written

values for Ca and Pb for fit 1 tend to converge at higher
energies; however, the behavior of the imaginary volume
integrals for fit 2 exhibits a marked energy dependence
due to the form chosen for the energy dependence of the
surface term. The energy dependence of the surface term
in fit 1 is chosen to "turn off" as the energy increases.
We show the values for the real rms radii of these poten-
tials in Figs. 31 and 32 and we note in particular the
strong energy dependence in the imaginary rms radii,
especially for the potentials of fit 2.

Finally we show our results for the predicted reaction
cross sections. These data were not included in the data
set. As can be seen from Fig. 33, the predicted reaction
cross sections from both fits are in reasonable agreement
with experiment.
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FIG. 27. The volume integral per nucleon of the efFective
central potential J/A, and the volume integral of the effective
spin-orbit potential divided by A', K/A' ', for fit 1 parame-
ters. The solid line shows the results for p+ Ca and the
dashed line shows the results for p + Pb.
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FIG. 32. The same as Fig. 31 except for the potentials shown
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potentials. In the first case we find that the inelastic ob-
servables are essentially uneffected by the choice of which
of the two global potentials is used. For the second test,
we find less than 1% difFerence in the extracted deforma-
tion lengths from the two fits, and as shown in Figs. 34
and 35, the representation of the elastic and inelastic data
is qui eite good over the angular range considered. These

f thecalculations were meant to give some indication o t e
stability of the global potentials when used in a reaction
calculation. Of course the situation can change when
other reactions are considered.

V. SUMMARY AND CONCLUSIONS

We have obtained two global parametrizations of the
scalar and vector Dirac optical potentials. The parame-
ters are functions of both energy and target mass number.
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FIG. 34. Calculated elastic observables at 497.5 MeV with

the 3 state coupled for fits 1 (solid line) and 2 (dashed line).

The dotted line is the calculation using fit 1 without the 3

state. The data are from Refs. 26 and 27.
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FIG. 33. Predicted total reaction cross sections for Ca,
Zr, and Pb as a function of incident proton lab energy using

the parameters of fits 1 (solid line) and 2 (dashed line). The data
are from Ref. 46.

The characteristics of the two fits have been investigated,
and it is observed that they are quite similar except for
the treatment of the surface terms. We have shown that
both fits reproduced elastic proton-nucleus observables
quite well. We have also investigated the characteristics
of the global fits with respect to interpolation and extra-
polation in both E and A. In Sec. IV we discussed the
differences which occur in a reaction calculation using ei-
ther fit l or fit 2. The differences were not large.

It is important to remember that global optical poten-
tials given in this paper have their limitations:

li) They are applicable only to spherical nuclei with
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FIG. 35. Calculated inelastic observables at 497.5 MeV for the 3 state of p+ Ca using the parameters of fits 1 (solid line) and 2
(dashed line). The data are from Refs. 47 and 48.

mass numbers 40& A &208.
(ii) Interpolation in E and A works quite well, extrapo-

lation in E and A is however, not recommended.
(iii} The data set did not include data beyond 90', or

3 fm ', thus it is not expected that this model can pro-
duce good agreement with data beyond that range.

A program written to produce scalar and vector opti-
cal potentials from fits 1 and 2 presented here, tabulated
as a function of radius, is available from the authors.
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