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Elastic scattering of polarized protons of 80—180 MeV from a number of target nuclei

(24&3 &208) has been measured. The systematic energy and target mass dependence of
the cross section and analyzing power angular distributions is discussed. The data have

been analyzed within the framework of a conventional optical potential model, and the
behavior of the potential parameters as a function of energy is investigated. Comparisons
are made with results obtained at energies greater than 180 MeV and with predictions ob-

tained from microscopic models.

NUCLEAR REACTIONS Mg(p, p), E~ = 134.7 MeV; 'Si( p,p),
E~ =134.5 MeV; ~Ca(p, p), E~ =80.2, 181.5 MeV; Zr(p, p), E~ =79.6,
98.7, 134.8, 160 MeV; Zr(p, p), E~=104 MeV; ' Sn(p, p), E~=104
MeV; "Pb(p,p), E~=79.8, 98, 182 MeV; measured o.(0), A~(0);
optical-model analysis, deduced energy dependence, comparison with

microscopic models.

I. INTRODUCTION

For proton-nucleus scattering, the importance of
the projectile spin dependent interaction increases
dramatically relative to the central part as one in-
creases the bombarding energy to the medium-

energy range. For example, a recent investigation
focusing on cross-section 0 (8) measurements'
showed a surprising sensitivity of o(8) to the spin-
orbit potential, manifested in a pronounced damp-
ing of the characteristic diffractive oscillations at
intermediate angles for bombarding energies greater
than —100 MeV. Although the spin-orbit potential
parameters were better defined by the cross-section
measurements than expected, appreciable ambigui-
ties and uncertainties remained. More and higher-

quality polarization data were called for in order to
refine the parametrization of the spin-dependent po-
tential in this energy regime.

This paper reports the results of an experimental
program in proton-nucleus elastic scattering be-

tween 80 and 180 MeV carried out with a polarized
proton beam at the Indiana University Cyclotron
Facility. The data presented here are restricted to
analyzing power measurements since most of the
corresponding cross section angular distributions
have already been reported in the literature. Details

of the experimental procedure and a list of the data
incorporated in the analysis are given in Sec. II. In
Sec. III we discuss the physics implications of the
present measurements. On the one hand, the survey
nature of this program lends itself to a search for
simple, predominant characteristics of proton elas-
tic scattering analyzing powers Az(0) as a function
of bombarding energy and target mass. On the oth-
er hand, we want to deduce the systematic behavior
of the relevant parameters in a phenomenological
optical model description of the scattering. A com-
parison of these results with other optical model
studies and with the predictions of microscopic
models completes Sec. III. A brief summary of our
conclusions is given in Sec. IV.

The optical-model analysis presented here is con-
ventional in the sense that the radial dependence of
the optical potentials is of the Woods-Saxon (or
Woods-Saxon derivative) type. Recently, evidence
has been accumulating that such a simple
parametrization may not be adequate beyond a
bombarding energy of about 150 MeV. In the
present work, this aspect of the optical model is dis-
cussed only briefly; a detailed investigation of the
implications of nonstandard potential shapes for
intermediate-energy proton scattering will be the
subject of a forthcoming communication. Prelimi-
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nary accounts of parts of the present analysis have
been reported previously. '

II. EXPERIMENT

A. General apparatus

The polarized proton beam used to carry out our
measurements was supplied by the Indiana Univer-

sity Cyclotron Facility (IUCF). The targets bom-

barded ranged in thickness from a few to about 50
mg/cm . The Si (92% Si) and Ca (97% Ca) tar-

gets were of natural isotopic composition; in the
cases of Mg, ' Zr, ' Sn, and Pb, isotopically
enriched elements (&95% enrichment) were used.
The uncertainty of the bombarding energy was al-

ways less. than —150 keV. The total beam charge
was determined by integrating the beam current in a
Faraday cup embedded in concrete shielding. For
scattering angles less than 20' —24', the primary
beam would intercept the yoke of the spectrometer
magnet, thus a small Faraday cup mounted on a
movable table inside the scattering chamber was
used. After proper alignment of the cup with the
beam, separate charge collection from the left and
right halves of the cup provided a difference signal
for automatic centering of the beam.

The scattered protons were detected using a mag-
netic spectrometer. The overall energy resolution
was sufficient in all cases to resolve the major con-
taminant contributions (due to ' C and ' 0) in the
energy spectra from the elastic proton group of in-

terest; this proton group, however, included contri-
butions from all isotopes present for a given target
element. The positioning in angle of the spectrome-
ter is known to better than +0.05'. The origin of
the angle scale was determined from measurements
on both sides of the beam. The angular acceptance
of the spectrometer in the scattering plane varied,
but was always kept smaller than 58~,b ——+0.55'.
The detector arrangement in the focal plane includ-
ed a helical wire proportional chamber for position
information, followed by two plastic AE scintilla-
tors for particle identification. The dead time of
the data acquisition system was measured by pro-
cessing pulser events, generated at a (known) rate
proportional to the instantaneous beam current, in a
manner similar to that employed for the real events.

B. Polarized beam

The polarized hydrogen beams at IUCF are pro-
duced by a commercially available atomic-beam po-

larized ion source located in one of the high-

voltage preinjector terminals. The source output is

typically 10—20 pA of about 70% polarized pro-
tons. The orientation of the spin alignment axis is
chosen by selecting one of two atomic-beam
hyperfine-transition radio-frequency cavities located
in regions of weak or strong magnetic field, respec-
tively. Thus the spin orientation can be changed
rapidly without affecting beam transmission or in-

tensity. Switching between spin orientations is done
remotely under computer control.

The polarization of the beam is measured after
acceleration in the first-stage (injector) cyclotron at
proton energies of 9—13 MeV by inserting a polar-
imeter into the beam. The polarimeter unit consists
of a pair of entrance slits with current measurement
for automatic centering of the beam, a gas cell con-
taining He at a pressure of 2&(10 Pa and a Fara-
day cup as beam stop. The gas cell is a cylinder of
3.8 cm diameter with Havar walls of 6 pm thick-
ness. Protons elastically scattered from He are ob-
served symmetrically at H~,b

——+112' using 500 pm
thick silicon surface barrier detectors. From the
left-right asymmetry and the known He(p, p)"He
analyzing power the beam polarization P is de-
duced. Assuming that during the subsequent ac-
celeration in the main-stage cyclotron the polariza-
tion of the beam is not significantly reduced, the
above procedure constitutes a measurement of the
beam polarization on target. To verify this assump-
tion we compared analyzing power measurements
for ' C(p,p)' C made at IUCF, using the above
method for determining P, with published elastic

p+ ' C polarization data which had been obtained
in (or normalized to) double-scattering experiments.
The results of these tests, which were conducted at
a number of bombarding energies between 120—185
MeV, are shown in Fig. 1. From the agreement
(within statistical errors) between the data obtained
by the two methods, it can be concluded that the
uncertainty in the absolute normalization of the po-
larization for the beam on target, and thus of the
analyzing powers measured by this technique, is less
than +0.02.

C. Procedure

For each target and each angle setting of the
spectrometer, runs of about equal integrated beam
current were taken with the polarization vector of
the incident protons up or down with respect to the
scattering plane. Periodically, the beam polariza-
tion was determined in the manner described in Sec.
IIB. From the beam polarizations for spin up and
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FIG. 1. Analyzing powers for proton elastic scatter-
ing from ' C at laboratory angles of 9' and 12.5' and
bombarding energies between 90 and 220 MeV. Open
circles are previous data from various sources (Ref. 8),
solid symbols are results of measurements with the
IUCF polarized proton beam, assuming beam polariza-
tions given by the low-energy He polarimeter as
described in Sec. IIB. The dashed curves are meant
only to guide the eye.

220

down, the integrated beam current, the measured
dead time, the known target thickness, and the ac-
ceptance solid angle of the spectrograph, o(8) and.

A„(8) were calculated in the usual manner. In an-

gular regions where the measurements showed
strong curvature, the raw data of cr(8) and
o (8)A&(8) were corrected for the nonlinear variation
of the observables across the angular acceptance h8
of the spectrometer by locally fitting these quanti-
ties with second-order polynomials in 0 to deter-
mine, e.g., the derivative cr"—=d o/do required to
compute o „«-cr+o"(58) /3, where 58=68/3
(and similarly for crA&} These corre. ctions were sel-

dom larger than the statistical uncertainties in the
measurements. At angles smaller than 20' —24' an
additional normalization correction was necessary
because the beam charge was not completely col-
lected by the small internal Faraday cup as a result
of outscattering and incomplete electron suppres-
sion.

The total experimental errors assigned to the A~
data include, besides the statistical contribution
(ranging from +0.005 to +0.025), the uncertainties

associated with dead time correction and with
charge integration (each contributing up to +0.005),
a possible change in the beam polarization during a
run (typically b,P&0.01) and an uncertainty of the
actual scattering angle of +0.05'. These errors were
combined in quadrature to form the total relative

error in A~(8} which ranged from +0.015 to +0.04,
typically. Not included are error contributions
from possible, small left-right shifts of the beam
spot on target between runs, and from target nonun-
iformity. These could lead to a significant error
when detecting protons only on one side of the
beam, as was done here. However, the reproducibil-
ity of the measurements was checked repeatedly
(generally yielding agreement to within 0.02 or
better), and in the later stages of the experiment
(i.e., measurements at 80 MeV) the provision for
"fast" reversal of the spin alignment axis was intro-
duced, making analyzing power measurements in-
sensitive to any slow change of the beam charac-
teristics on target. The switching of the spin orien-
tation (typically every 60 s) and the corresponding
routing of the accumulated data were done au-
tomatically by computer control.

The overall scale (or normalization) error in the

Az measurements, arising principally from the un-

certainty of the absolute value for the beam polari-
zation and from other systematic effects (thought to
be of order 0.01), is estimated to be at most 3%%uo.

D. Data

The data presented in this paper include analyz-
ing power measurements A~(8) made at IUCF for
80—180 MeV protons elastically scattered from a
number of targets, ranging from Mg to Pb. In
some cases, for completeness, ' comparison is made
with angular distributions of A~(8) obtained at oth-
er institutions. " These data are illustrated in
Figs. 2 —4. The relative uncertainties in the A„data
are generally smaller than the size of the points, or
are indicated by error bars where they exceed the
dot size. A complete list of targets and proton ener-

gies covered in this investigation, together with the
corresponding number and range of scattering an-

gles, is given in Table I. Also listed in Table I is
similar information regarding the cross section
measurements used in the present optical model
analysis. Although the present experiment yielded
cross section data as well as analyzing powers, the
cross section angular distributions used in our
analysis were taken from a more complete earlier
experiment at IUCF using an unpolarized beam. '

In one case, o(8) data obtained at Maryland' were
adopted. The beam energies quoted in Table I are
known to within +150 keV if a figure after the de-

cimal point is given. In all other cases, the bom-

barding energy is not known to better than 0.5
MeV.

The results for elastic scattering from the nuclei
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excursions. As pointed out in Refs. 1 and 3, these
features, when viewed in a larger context [i.e., over
a wider energy range and in combination with the
characteristic features of the differential cross sec-
tion cr(8)], can be understood in terms of "spin-
channel dominance": At both low and high ener-
gies (Tz & 100 MeV and Tz )300 MeV), the partial
cross sections o+(8) and o (8) corresponding to
(cr.n ) =+1 (incident proton spin up or down with
respect to the scattering plane) are ordered in mag-
nitude as o.+ »o. beyond some moderately for-
ward angle. Consequently, the angular structure of
o(8)=o++o is dominated by the oscillatory cr+,
and A (8):(cr+ —cr —)/( +c+rrc) approaches unity.
In the "transition energy" region of 150—250 MeV,
on the other hand, o.+ and o. in the forward hemi-

sphere are found to oscillate with comparable am-
plitudes but with slightly different angular periods;
hence, o.+ and o. move out of phase over a portion
of the angular range, leading to an angular distribu-
tion for cr(8) with little structure and strong oscilla-
tions in A~(8).

In a potential model, the relative phasing of o.+

and o. is sensitive to the interplay of the complex
central potential U, and the complex spin-orbit po-

Mg, Si, Zr, and ' Sn were obtained as the byp-
roduct of inelastic proton scattering measurements,
not specifically aimed at observing the ground state
transition. These IUCF experiments were mainly
concerned with exploring the giant resonance re-
gion' and with investigating the excitation of high
spin states.

III. ANALYSIS

A. Characteristic features
of the analyzing powers
and their interpretation

The analyzing powers presented in Figs. 2—4 ex-
hibit some simple systematic features as a function
of proton energy and target mass. For light and
medium-mass targets, A~(8) is predominantly posi-
tive, maintaining large values (A~ & 0.5) beyond
8=30' at lower energies (Tz & 100 MeV), but oscil-
lating in a regular manner between approximately

A~ =0 and A~ =+ 1 at the higher energies (Tz & 150
MeV). For heavy targets (e.g., Pb) the oscilla-
tions are more pronounced, with sizable negative

Analyzing powers Ar for 80, 160, and —180 MeV protons elastically scattered from 4bca (left panel), 9OZr

(middle panel), and Pb (right panel). Solid circles are IUCF measurements, open symbols (and all triangles) are from

other sources as indicated (Orsay: Refs. 9 and 10 Uppsala: Ref. 11) The cu~es are results of simultaneous optical
model fits to the A„data and associated 0. data (cf. Table I).
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FIG. 3. Analyzing powers for 135 MeV protons
elastically scattered from Mg, 'Si, and Zr (all IUCF
data). The curves are re'suits of simultaneous optical-
model fits to the A~ data and associated 0. data (cf.
Table I).

FIG. 4. Analyzing powers for protons elastically
scattered from Zr, ' Sn, and Pb near 100 MeV
bombarding energy (all IUCF data). The curves are re-
sults of simultaneous optical-model fits to the A~ data
and associated cr data (cf. Table I).

TABLE I. List of analyzing power data (subscript A) and differential cross section data (subscript u) used in the
present optical model analysis (Sec. III). Given are the number of data points (N), the c.m. angular range (0) covered,
and the source of the data (Ref).

Target T, (MeV) Ng Ref. Ref.

Mg
"Si
~ca

92Zr

120Sn

208Pb

134.7
134.5
80.2

153
181.5
79.6
98.7

134.8
160
185
104
104
79.6
98

153
182.0

17
22
22
18
31
24
29
40
27
17
14
17
35
23
11
47

7.9'—57.2'

7.8'—62.0'
8.1'—59.2'

5.2' —61.2'

7.9'—68.8'

7.9'—58.4'
8.3'—58.9'

10.9'—59.4'
11.9'—44.2'

5.1'—32.8
12.5' —50.8
8.4' —50.7'
7.8' —57.6'

10.3'—75.5'

7.5' —40.2'

7.6'—52.8'

present work
present work
present work

9,10
present work
present work
present work
present work
present work

11
present work
present work
present work
present work

9,10
present work

17
42
45
43
33
60
39
99
52
45
14
17
59
23
72
51

7.9'—57.2'

6.7' —88.5'

5.3'—94.7'
7.9'—87.9'
7.9'—68.8'

6.3'—90.9'
15.5'—76.8'

6.1'—126.1'
4.7' —81.9'
6.4' —86. 1'

12.5'—50.8'

8.4' —50.7'

6.2' —93.5'

10.3'—75.5'

6.1'—77.4'

6.3'—80. 1'

present work
1

1

1

present work
1

12
1

1

1

present work
present work

1

present work
1

1
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tential Usp. Since the strength of Usp is propor-
tional to the incident momentum, it becomes in-

creasingly more important relative to U, with in-

creasing energy until -300 MeV, where the scatter-
ing becomes dominated by the rapidly growing ab-
sorptive (imaginary) part of the central potential.
The mechanisms for cr+ dominance at higher and at
lower energies (above and below the transition ener-

gy region) are thus very different: (1) at higher en-

ergies, one finds o+&cr because of the strong
difference in absorption for opposite signs of
cr i for protons incident on the essentially black-
sphere nucleus, " while (2) at lower energies the
scattering is dominated by the surface partial waves,
for which the predominantly real nuclear potential
is more attractive in the (27 n) =+1 spin state.
Hence, in the latter case, the semiclassical deflection
angles 8 for surface impact obey 8+ &8, i.e., at a
given impact parameter, spin-up incident protons
scatter through a larger angle than their spin-down
counterparts. Consequently, o+(8) & o. (8) because
of the systematic decrease of o (8) with increasing 8.
This behavior is reminiscent of the semiclassical
rainbow scattering mechanism describing medium-

energy deuteron scattering'; in fact, the rainbow
scattering of protons [i.e., enhancement of
o(8) around 8=8,„ followed by exponential fall-
off in the classically forbidden region 8 &8,„,cou-
pled with A~ =+1],observed here only in subdued
form because of absorption, can be brought out
clearly in a model calculation by reducing the
strength of the imaginary central potential.

B. Optical model analysi8

The local optical potential used in the analysis of
the data listed in Table I was parametrized as

U(r) = Uc,~(r) —Vfo(r) i Wf„(r)—
2.00 d+ '

Vso~ f.so«)r dp'

+ iIVso fatso(r) L 0'
8T

with Woods-Saxon form factors f„(r;r„,a„). Using

the code sNoopY8, the potential parameters were

adjusted for each case to fit simultaneously the an-

gular distribution of the cross section, a(8), and the

analyzing power, A~(8). Relativistic effects were

treated in an approximate way as described in Ref.
1. The starting parameters were taken from the
"fixed-spin-orbit" fits to the cross section data by

Nadasen et al. '

esp =0 920+0 03053

0.768—0.0012', Tp & 140 MeV

M

r sp =0.877+0.03603

a sp=0 62.

(2)

The only notable deviation from these relations is
found for Mg and Si at 135 MeV where r„so and
ruso are somewhat smaller (0.98 and 0.96 fm,
respectively).

While constraining the gamete of the spin orbit
potential, we adjusted the remaining parameters to
fit the data. The resulting values are presented as a
function of the energy in Fig. 5 (solid symbols).
The trend of most parameters with energy is readily
apparent: Central potential geometry parameters
vary linearly with Tz and show no systematic
dependence on target mass number A (with the pos-
sible exception of r0 at the higher energies); the
strengths V, Vsp of the real central and SO poten-
tials decrease linearly with increasing lnT& and ex-
hibit a noticeable dependence on A [consistent with
(E Z) /A asymmetry]—; the imaginary central
strength 8'increases rapidly with Tp at the higher

Initially, all 12 parameters of the four nuclear po-
tential terms (central and spin-orbit, real and ima-

ginary parts) were varied in unconstrained "best-fit"
searches on the data. Angular distributions of
Ar(8) calculated from these best-fit parameters are
compared with the data in Pigs. 2—4. The corre-
sponding fits to the differential cross sections do
not differ noticeably from those in Ref. 1 and for
that reason are not reproduced here. The quality of
fits to the A„(8) data is satisfactory overall, and ex-
cellent for most of the IUCF measurements.

Several of the geometry parameters obtained in
the unconstrained fits exhibited smooth, essentially
linear variations with proton energy Tz. In particu-
lar, most of the geometry parameters of the com-
plex spin-orbit (SO) potential exhibited little or no
dependence on T~. Hence, in order to reduce the
scatter of individual paraineter values with T&, we
proceeded to constrain successively more of the SO
potential geometry to energy-independent values un-
til finally all four parameters r„so, a„so, r so, and
a sp were held fixed in the parameter searches
without deterioration in the overall quality of fit.
Over the energy range 80& T~ &180 MeV and tar-
get mass range 40&2 &208, these SO geometry
parameters are well represented by the analytic rela-
tions (with T~ in MeV, r and a in fm)
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FIG. 5. Energy dependence of the optical model parameters obtained in the present analyses of Ca (circles), ~'"Zr
(squares), and 'Pb (triangles) for the fixed spin-orbit geometry of Eq. (2). The lines represent the average trend of the
results described by Eq. (3). Note the logarithmic proton energy scale for the central potential strengths (left panel) and

the spin-orbit potential strengths (right panel).

ro=

1.125+ 1.0)(10 T, Tz & 130MeV

(T~ &180MeV for Ca)

Tp ) 130MeV

(except for Ca)

1.255,

ap =0.675+3.1 )( 10 T&

W=6.6+2.73X10 (Tq —80)

+3.87X10 '(T~ —80)',

r~ = 1.65—2.4)(10 Tp,
a =0.32+2.5 )(10 Tp,

Vso 19.0(1—0.——166 1nT~)
—3.75(X—Z)/A,

(3)

Wso ——7.5(1 0.248 lnT& ) . —
[Note that Wso &0 over the whole energy range.
W so represents the spin-dependent modification of
the central imaginary potential in the surface re-

gion; hence, a negative value obtained for 8;, does
not imply flux creation. ]

energies, and the magnitude of the imaginary SO
strength 8'sQ increases strongly with increasing

lnT&, becoming comparable to the real SO strength

VsQ near 200 MeV; neither 8' nor 8'sQ show any
systematic A dependence. The straight lines and
curves in Fig. 5 represent least-squares fits to the
potential parameters which resulted in the following
functional dependences on T& (in MeV) and A over
the ranges 80& Tz & 180 MeV, 40&A &208 (with V
and W in MeV, r and a in fm):

V=105.5(1—0.1625 inT&) +16.5(X —Z)/A,

The specific functional relations chosen to
represent the Tz and A dependences of the potential
parameters are phenomenological, i.e., not guided

by any physical model. These Tz and 3 depen-
dences determined in the present analysis of an ex-

tensive set of o(8) and A~(8) data differ quantita

tiuely from those found in the earlier analysis of
predominantly o(8) data by Nadasen et al. ' [which
included only a few A~(8) measurements]. Howev-

er, the qualitatiue behavior of the parameters with

energy is fairly similar in the two analyses. The re-

sults of the present analysis thus largely substan-

tiate the Nadasen results for the medium-energy

proton optical potential within the specific frame-
work of the conventional Woods-Saxon parametri-
zation. In particular, we confirm the preliminary
conclusions of Nadasen et al. ' concerning the ener-

gy systematics of the proton SO potential, and the
need for a sizable imaginary SO component.
Worthy of note are the relative energy and isospin
,dependences of the real SO and real central poten-
tials: One finds (1/Vso)5Vso/5T& ——(1/V)
5 V/5T& (in disagreement with a naive expectation'
based on the different nonlocality ranges for the
two potential terms), and an (N Z) depend—ence of
Vso of opposite sign to that of V (in agreement with
schematic model expectations' ).

C. Comparison with other
optical potential studies

The question of the uniqueness of phenomenolog-
ical analyses of elastic scattering data when one uses
a specific analytic radial shape for the potential
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(e.g., the Woods-Saxon or Fermi-function shape)
has been addressed in Refs. 1 and 2. Recent
phenom enological analyses of 120—200 MeV
p+' C data, extending over a considerably larger
range of momentum transfer than most medium-

energy data (including the present data), as well as a
global analysis of p+ Ca data over the energy
range 30& T& &1000 MeV in a relativistic Dirac-
Hartree model, ' have demonstrated that real cen-
tral potential shapes deviating radically from the
monotonic Woods-Saxon (WS) form are consistent
with, if not necessary to explain, the measurements
for proton energies beyond -150 MeV. Indeed,
microscopic-model calculations ' suggest that at
such energies the proton-nucleus real central poten-
tial should have a pronounced depression just inside
the nuclear surface. The strong energy dependence
of some of the WS geometry parameters found in

the present analysis is likely to be caused (at least

partly) by the unphysical constraint imposed on the
analysis by the use of WS form factors. The
present parametrization is obviously adequate for
providing a very good description of existing o'(8)
and A~(8) data up to 180 MeV, as illustrated by the
quality of the present fits. However, the prospec-
tive user of the present results (who may wish to
generate distorted proton waves for reaction calcu-
lations) should be aware that the potential derived
here may be only phase-shift equivalent to more

physical, non-WS potentials which also describe the
elastic data, but may yield significantly different
proton wave functions inside the nuclear surface.

In discussions of global optical model fits, it has
been customary to describe the systematic behavior
of the phenomenological optical potential in terins
of volume integrals and rms radii of the potentials,
since these properties appeared to be better deter-
mined than individual potential parameters. In or-
der to make contact with previous phenomenologi-
cal analyses which have also employed WS form
factors, we shall follow this procedure here. How-

ever, we warn against attaching too much physical
significance to the volume integrals, since they are
undoubtedly sensitive to the form assumed for the
radial dependence of the potential.

Volume integrals of the complex central potential
(WS form) and of the complex SO potential (Tho-
mas form) determined in the present analysis are
presented as functions of bombarding energy Tz in
Fig. 6 (solid symbols) for the constrained SO
geometry case. In terms of the radial integrals
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FIG. 6. Energy dependence of the volume integrals
of the complex central potential (left panel) and the
complex spin-orbit potential (right panel) defined in the
text (Sec. IIIC). Symbols denote the individual results
for Ca (circles), Zr (squares), and Pb (triangles).
Shaded bands represent the variation of these quantities
with T~ and target mass given by the average parametri-
zation of the potentials [Eqs. (2) and (3)]. Dashed
curves are predictions of microscopically-based potential
models (BHF: Ref. 22; D-H: Ref. 21).

for each of the four nuclear potential terms
(k=O, tv, vSO, tvSO), the quantities shown are de-
fined as Jx =ID/A, Ji =I /A, ECz =I»o/A '—

, and

Ki =I~so/A '~ . The shaded bands in Fig. 6
represent the values calculated from the analytical
expressions for the potential parameters. Although
fluctuations of order 5—10%%uo around an average
value are observed in the empirical volume in-

tegrals, little or no systematic dependence on target
mass is observed for the central components Jit and

Ji. This is in agreement with empirical results at
lower energies and with theoretical expectations.
For the real SO potential, the (X—Z) asymmetry
of the strength Vso is only partly canceled by the A

dependence of the radius parameter rso, resulting in
the residual target dependence seen in the volume
integral E~ ——Sm. Vsorso. The energy dependence of
all four volume integrals essentially reflects the en-

ergy dependence of the corresponding strength
parameters.

The dashed and dotted-dashed curves in Fig. 6
are microscopic predictions of the local optical po-
tential based on a Brueckner-Hartree-Fock nuclear
matter approach (dashed curves), and results of
the phenomenological Dirac-Hartree model ' based
on relativistic mean field theory (dotted-dashed
curves). For the real central potential, the form fac-
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tors of these microscopic potentials are quite dif-
ferent from the WS form chosen for the
phenomenological parametrization, which accounts
for the discrepancy between empirical and theoreti-
cal values for Jtt. On the other hand, for the ima-
ginary central and the complex SO potentials, the
form factors of the phenomenological and micro-
scopic models are sufficiently similar at all energies
to make comparison of their volume integrals Jt,
Kit, and Kt meaningful. However, the apparent
similarity of empirical and theoretical Jt values
masks some important intrinsic differences between
the respective potentials: The microscopic ima-
ginary potential tends to have a larger central
strength but slightly shorter range. Also, the energy
dependence found for the empirical SO potential
volume integrals is stronger than is expected on the
basis of the two microscopic models. Since the
geometrical shapes of the SO potentials are fairly
similar, this observation implies a considerable
discrepancy in SO strength for energies beyond
—100 MeV: The empirical real SO strength falls
off too fast with increasing T~, while at the same
time the empirical imaginary SO strength increases
too rapidly in magnitude. These large differences
are a direct consequence of the strong correlation
between the surface-peaked SO potential and the as-
sumed radial dependence of the central potential.
Model calculations show that any appreciable devia-
tion from the WS form results in significant redis-
tribution of real and imaginary SO strengths in the
direction towards the microscopic model predic-
tions. %hen viewed in this context, all volume in-
tegrals of the potentials determined in the present
analysis are meaningful only in relation to the as-
sumed WS shape for the central potential.

IU. SUMMARY

Angular distributions of the analyzing power of
proton elastic scattering from a number of targets
have been measured in the energy range 80—180
MeV. The systematic energy and target mass
dependences of the analyzing power (as well as of
the associated, previously reported differential cross
section) have been discussed in terms of an interplay

between the partial cross sections for scattering of
protons with spin up or down with respect to the
scattering plane.

The inclusion of the new analyzing power data in
an optical model analysis using the conventional
WS parametrization for the potentials results in
quantitative modifications in the set of global po-
tential parameters published earlier, ' which were
based largely on cross section data alone. The ab-
sence of qualitative changes can be attributed to the
appreciable sensitivity of medium-energy cross sec-
tions to the spin-orbit potential.

The present analysis has been carried out in a
conventional, local optical model framework (using
WS forms for the potentials) in order to relate the
results to those of earlier analyses. We feel that this
step is necessary before an attempt is made to carry
out a global analysis of elastic proton scattering
data allowing for substantial departures of the radi-
al potential shape from a WS form, as is expected
on the basis of recent experimental work as well as
on theoretical grounds.

It has long been believed that volume integrals
are more stable against parameter ambiguities and
correlations than individual potential parameters,
hence volume integrals have been used to compare
analyses and study the energy dependence of the lo-
cal potential. Indeed, volume integrals deduced
from the present analysis exhibit a clear systematic
dependence on energy and are roughly independent
of target mass. On the other hand, the same quan-
tities predicted by two fundamentally different
theoretical calculations of the microscopic optical
potential are in serious disagreement with the re-
sults of the WS phenomenology in regard to their
energy dependence. A large part (or all) of this
discrepancy in volume integrals is expected to arise
from differences in the shapes of the underlying po-
tentials. The notion that potential volume integrals
uniquely characterize at least the gross features of
the scattering of any particular projectile is thus
thrown into doubt by the present comparisons. A
further investigation of the consequences of
microscopically-based potential shapes would go
beyond the scope of the present communication and
remains the object of a future study.
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