
PHYSICAL REVIEW C VOLUME 24, NUMBER 2 AUGUST 1981

A„(g) for p + Pb elastic scattering

at O. S GeV and a test of multiple scattering theory

G. W. Hoffmann, L Ray, M. Barlett, W. R. Coker, and J. McGill
Uniuersity of Texas, Austin, Texas 78712

G. S. Adams, * G. J. Igo, F. Irom, A. T. M. Wang, and C. A. Whitten, Jr.
Uniuersity of California, Los AngelesCa, lifornia 90024

R. L. Boudrie and J. F. Amann
Los A/amos Scientific Laboratory, Los AlamosNe, w Mexico 87545

C. Glashausser
Rutgers Uniuersity, New Brunswick, New Jersey 08903

N. M. Hintz and G. S. Kyle
Uniuersity of Minnesota, Minneapolis, Minnesota 55455

G. S. Blanpied
Uniuersity of South Carolina, Columbia, South Carolina 29208

(Received 11 March 1981)

New, large-momentum-transfer 0.8 GeV p + Pb elastic analyzing power data are

presented and compared to optical model predictions using the Kerman-McManus-Thaler

microscopic optical potential. This comparison provides an important test of multiple

scattering theories since the predictions are quite sensitive to the assumed nucleon-nucleon

scattering amplitudes and are not sensitive to the details of the nuclear densities. We show

that improvement in the agreement between experiment and a parameter-free theoretical

prediction is obtained when the calculation includes the electromagnetic spin-orbit potential

which arises from the coupling of the projectile proton's magnetic moment and the

Coulomb field of the target nucleus. The sensitivity of the predicted analyzing power to
the various ingredients of the theory is also investigated, and the importance of the in-

clusion of target-nucleon correlations (in the second-order Kerman-McManus-Thaler poten-

tial) for proper explanation of the data is discussed.

NUCLEAR REACTIONS Pb(p,p), E = 0.8 GeV, measured

A&(8); enriched target; resolution 100—150 keV, 8, ~ = 2' to 32'.
Microscopic optical model analysis using second-order KMT potential;
one-photon-exchange magnetic coupling included. Qualitative agree-

ment between experiment and parameter-free calculation.

I. INTRODUCTION

Common to many theories of proton-nucleus
elastic scattering are microscopic descriptions of the
scattering, in terms of nucleon-nucleon ($-iV) am-

plitudes appropriate for the nuclear medium, and
point-nucleon ground state matter densities. At

mediutn energies (E;„, I GeV), because of the
supposed validity of the impulse approximation, the
effective nucleon-nucleon amplitudes should be
those for free p-p and p-n scattering, so that realis-
tic calculations can be made for comparison with

experiment. For example, using the Kerman-
McManus-Thaler (KMT) approach, ' a microscop-
ic optical potential can be generated for use in the
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Schrodinger equation with relativistic kinematics.
The availability of high quality 800 MeV

p + nucleus elastic differential cross section and

analyzing power data has made possible a
number of detailed, systematic studies of the ade-

quacy of such microscopic descriptions of inter-

mediate energy proton-nucleus scattering. Although
the results obtained so far are encouraging, cal-
culations with no adjustable parameters have yet to
be successful. '

One of the difficulties encountered in previous
work ' was the inability to compute, from first

principles, analyzing powers which were in quantita-

tive agreement with experiment, even at the very
forward angles. Speculation on the reasons for this

difficulty centered upon the possible lack of accu-
rate knowledge of key amplitudes needed for the
calculations; it was argued that the needed ampli-

tudes could not be determined from nucleon-
nucleon data because a complete set of such data
did not exist at relevant energies.

Thus, most of the reported analyses of the 800
MeV p + nucleus elastic A~(8) data used an empir
ical amp/itude for the isospin-averaged spin-

dependent part of the nucleon-nucleon interaction.
This Gaussian amplitude was adjusted from nucleus

to nucleus to obtain a best fit to the analyzing

power data. Nonetheless, even with the additional

degree of flexibility provided, the analyzing powers

computed with the empirical Gaussian amplitudes
were not in good quantitative agreement with experi-
ment. An examination of the fits to data for target
nuclei ranging from ' C to Pb reveals significant

systematic differences between computed and exper-
imental values. These discrepancies, which exist

at both small and large angles, are disturbing and

are investigated in this work.
In order to provide more and better quality data

for our investigation, the 800 MeV p + Pb elas-

tic analyzing power data were remeasured with im-

proved statistical accuracy and extended to center-
of-mass scattering angles greater than 32'. Here, we

present the new data and the results of additional
theoretical work which explores the sensitivity of the
predicted analyzing powers to the various in-

gredients of the theory. When the electromagnetic
one-photon-exchange contribution to the proton-
proton spin-orbit amplitude, " as well as the target
nucleon correlation contributions to the second-
order optical potential, are properly taken into ac-
count, a better description of the data results from
impulse approximation predictions which utilize
nucleon-nucleon amplitudes obtained from phase-

shift analysis of nucleon-nucleon data.
Section II gives a brief description of experimental

details, while Sec. III presents the results of the
theoretical investigation. Section IV contains a sum-

mary of our findings.

II. EXPERIMENTAL

The high resolution spectrometer (HRS) at the
Los Alamos Clinton P. Anderson Meson Physics
Facility (LAMPF) was used to obtain analyzing

power data for 800 MeV p + Pb elastic scatter-

ing over the laboratory angular range of 2' to 32'.
The region 2' —12' was covered during one running
cycle (cycle 22) when the available beam intensity

was (0.2 nA, while the 14'—32' data were ob-
tained during the subsequent cycles 23 and 24 when

variable intensity to 4 nA was available.
A 19.7 mg/cm enriched foil (99.9%) was used

as the target for the cycle 22 measurements, while
50 and 150 mg/cm enriched foils (99.9%) were
used for the cycle 23 and 24 runs. For each run-

ning cycle the overall experimental energy resolution

ranged typically from 100 to 150 keV full
width at half maximum (FWHM); beam energy was
800+0.5 MeV; and the overall experimental angular
resolution was 2 mr FWHM.

The HRS was moved in 1.5' increments during
cycle 22 and 2.0' increments during cycles 23 and
24. The elastic data were sorted into 0.2' angular
bins (except at the largest angles). Since the accep-
tance of the HRS in the plane of scattering is about
1.75', a relatively continuous distribution was ob-
tained for the analyzing power. For each cycle the
absolute zero of scattering angle was determined to
+0.03' by comparing the locations of the minima in

the differential cross section with those reported in

Ref. 6. Relative integrated beam currents were
determined using an ion chamber located approxi-
mately 1 m downstream of the target.

Beam polarization was reversed at the source
every three minutes. Logic levels generated at the
source were read by the HRS on-line data acquisi-
tion system to tag each recorded event according to
beam polarization. In effect, two experiments were
done simultaneously: one with beam polarization
"up" and the other with beam polarization "down. "
This technique eliminated most systematic sources
of error from the calculated analyzing powers. Oth-
er systematic errors not eliminated are related to
changes in beam phasq space and to changes in the
angle of incidence of the beam on target, with polar-
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f (q) = a (q) + bpj(q)(cr~ —ap). n

+ cpj(q)(op+ oj) n

+ double spin-flip amplitudes,

where q is the momentum transfer, n is the unit vec-
tor normal to the plane of scattering, and j refers to
the target proton or neutron. The complex func-
tions apj bpj and cpj contain contributions from
both nuclear and electromagnetic interactions. For
proton elastic scattering from a spin-zero nucleus,
the double spin-flip terms do not contribute to the
first order KMT potential, so that the amplitudes
needed for input to the KMT calculations are

f~~(q) = apj(q) + [cpj(q) —bpj(q)]op n

(4)

For p-p scattering, bpp is identically zero because
of particle exchange invariance. For p-n scattering,
assuming charge independence, the nuclear part of

be is zero, but the electromagnetic part is not. The
electromagnetic parts of cpp, cp„, and bp„, whose

physical origins trace to the coupling of the
Coulomb field of the proton with the other
nucleon's magnetic moment, have been calculated

by Lechanoine et al." using the one-photon-
exchange approximation. In the limit q ~0 these

amplitudes are proportional to
~ q ~

'. Further-
more, the cpp and be electromagnetic amplitudes
are equal in sign and magnitude for q ~0. Thus,
the most general amplitudes required for KMT cal-
culations of proton-nucleus elastic scattering from a
spin-zero nucleus can be written as

eluded in previous KMT calculations ' because
phenomenological cpj amplitudes were invariably
used to fit the proton-nucleus analyzing power data,
and also because the effects of such a term were
thought to be negligible. However, recent theoreti-
cal work' suggests that this term should be includ-
ed in realistic calculations. As discussed later in
this paper inclusion of this electromagnetic spin-
orbit amplitude leads to a much improved micro-
scopic description of the new 800 MeV p + Pb
analyzing power data, a result not found in Ref. 17.

All optical model calculations discussed have
made use of the KMT No. 3 prescription which
amounts to an approximate method of accounting
for the Coulomb phase in opp(q) [see Eq. (5)] in

KMT calculations of the scattering amplitude. ' Ac-
cording to this prescription, the spin-independent
proton-nucleus amplitude is expressed as a sum of
the Coulomb scattering amplitude for the full, dis-

tributed nuclear charge and a Coulomb-distorted
nuclear amplitude.

D. Phenomenological and parameter-free results without

electromagnetic spin-orbit amplitude

The previous KMT calculations for

p + nucleus analyzing powers at 800 MeV were
done using N -A' nuclear amplitudes parametrized
according to

apj (q) = (koopjl4m)(i + apj)exp( Bpjq )—
Re[cpj (q) J = —(Ack+8nMC )Bpjq exp( B@z'q )—

(7)

fpp(q) = opp(q) + opp (q)
C CN

+ [Cpp(q) + Cpp (q)]CTp n

and

Im[cpj. (q)] =- (fick+8nMC )Bpja~~

X q exp( —B,pj q )

(6)fp„(q) = ap„(q) + cp„(q)op n

where ap„(q) =ap„(q). The app and cpp are purely
electromagnetic amPlitudes, while app cpp Qpp,
and cp„are Coulomb-distorted nuclear amplitudes.
The first term on the right-hand side of Eq. (S) gives
rise to the spin-independent Coulomb potential. '

The Coulomb-distorted nuclear amplitudes give rise
to the spin-independent and spin-orbit nuclear opti-
cal potentials. The cpp amplitude will generate an
electromagnetic proton-nucleus spin-orbit potential
through interaction of the incoming proton's mag-
netic moment with the Coulomb field of the nuclear
charge distribution. This spin-orbit term was not in-

where j = proton or neutron, ko is the Ã-A'
center-of-momentum system wave number, M is the
nucleon mass, and q is the magnitude of the
momentum transfer. The only electromagnetic po-
tential considered was the usual static Coulomb po-
tential generated by app.

' The parameters of Eq.
(7) were obtained' by directly fitting the X-X cross
section and polarization data under the assumption
that the double spin-flip amplitudes were zero.
However, use of these amplitudes in the KMT cal-
culations resulted in predicted proton-nucleus
analyzing powers which were in poor agreement
with data. The parameters of cp (i.e.,
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TABLE I. Effective spin-orbit amplitude parameters. '

Fit Op

(frn )

Qsp

—Re
B,p
(fm )

—Im
Bsp
(fm')

Using Amdt
CN

PJ

Using Gaussian'
CN

PJ

4.25

6.46

1.90

1.19

0.33

0.30

0.48

0.30

CN CN — Re Re%here ep, = cpn and Op Opp Opnp clap Qspp Qspnp Bsp Bspp Bspn'p and—Im fm Im
Bsp = Bspp = Bspn ~

"See solid curve of Fig. 1.
'See dashed curve of Fig. 1.

c~ = c~~ = cz„, and assuming B,~
' = B,~ ) wereCN CN

therefore varied for each nucleus in order to optim-
ize the fits to the proton-nucleus analyzing power
data. ' Needless to say, the eA'ective cz ampli-

tudes did not adequately describe the N-N data.
The result of a similar calculation, using the em-

pirical a~~ (q) amplitudes of Ref. 8, with c~ adjusted
to optimize the fit to the new data in the angular

range forward of 15', is shown as the dashed curve
in Fig. 1. As previously observed, the second-
order KMT prediction is consistently larger than
the experimental A„(8) by an amount increasing
with increasing angle past 20'. While the envelope
of the experimental p + Pb A~(8) has leveled off
by 19', the calculated A~(8) is still increasing at 30'.
The condition B,&' ——B,z was not imposed during
the optimization, but was found to give the best fit

(see Table I).

The a&j and e&j amplitudes of Amdt's phase
shift solution' SM80 were then used for p-p and

p-n to generate the local, second-order KMT opti-
cal potential. The prediction for the analyzing
power is shown by the dashed curve in Fig. 2 and is

quite different from the result (dashed curve of Fig.
1) obtained using the phenomenological amplitudes.
The envelope of the calculated analyzing power fol-

lows that of the data fairly well, but fails to repro-
duce the fonuard angle diffractive structure.

Another calculation was then made using the a
CN ~

PP
and az„amplitudes of SM80 and empirically ad-
justed Gaussian amplitudes [as in Eq. (7)] for the
isospin-averaged cz (see Table I). The result, indi-

cated by the solid curve of Fig. 1, reproduces most
features of the data over the entire angular range.

The spin-independent azz (q) amplitudes used to
generate the two curves shown in Fig. 1 and the

dashed curve of Fig. 2 are shown in Fig. 3. The
dominant imaginary parts of the phase shift ampli-

tudes are similar to the corresponding parts of the
Gaussian amplitudes, but the phase-shift-generated

amplitudes have a slightly smaller range in

momentum-transfer space. The small, real parts of
the phase shift and Gaussian a&z are quite different,
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FIG. 2. The analyzing power data for 0.8 GeV

p + ' 'Pb elastic scattering are compared to KMT pre-
dictions obtained using nucleon-nucleon amplitudes ob-
tained from phase shift analysis of nucleon-nucleon data.
The effect of the one-photon-exchange contribution to
cpp(q) is seen by comparing the solid and dashed curves
(see text).
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In Fig. 4 we compare the spin-dependent c& am-

plitudes used to generate the solid curve of Fig. 1

(see Table I) and the dashed curve of Fig. 2. Here
the phase shift c amplitude is defined as

= [(Z/A) c (q) + (N/A)cz„(q) j in order to
make the comparison. The gross discrepancies
between effective and free, spin-dependent ampli-
tudes seen in Fig. 4 suggest that an important aspect
of physics is left out of the parameter-free calcula-
tion. We note, however, that all calculations dis-

cussed give essentially equivalent fits to the differen-

tial cross section data for 800 MeV p + Pb elas-

tic scattering Aty. pical fit (see also Ref 16) i.s

shown in Fig. 5. Below we show that a calculation
that includes the electromagnetic spin-orbit potential

arising from c~z is able to remove much of the

discrepancy between experiment and theory.
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amplitudes predicted by phase shift analysis of nucleon-

nucleon data.

An option of Amdt's phase shift code' allows
nucleon-nucleon amplitudes to be generated using
the electromagnetic amplitudes of Ref. 11. The 800
MeV c~~ amplitudes of solution SM80, generated
with and without the electromagnetic contribution
included, are shown in Fig. 6. The

I q I
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of c~~(q) at small q leads to a long-range proton-
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24 A (8) FOR + Pb ELASTIC SCATTERING AT 0.8. . . 547

nucleus spin-orbit potential which is proportional to
r at large r (r & 2RIv, where Rz is the nuclear
radius). Since Coulomb wave functions correspond-
ing to the spin-dependent Coulomb potential,
Vc(r) = Ze Ir + (B,Jr )(o l ), are not known,
the numerically generated wave functions corre-
sponding to the full KMT optical potential must in

principle be extended to a very large radius before
they can be properly matched to the usual spin-

independent Coulomb wave functions. Rather than

carry out this very cumbersome calculation, we
have made use of a convergence factor technique to
obtain the theoretical analyzing power with the elec-
tromagnetic spin-orbit coupling included.

By multiplying the complex spin-orbit potential

Vs(r) by exp[ —a(r —r~} ], we obtained the

analyzing power as a function of convergence
parameter a, or Az(8,a), and extrapolation to a = 0
gave the final analyzing power Az(8, a = 0). To
determine the general functional form of Az(8,a)
with respect to the convergence parameter a, several

Glauber model' calculations were made to study
the behavior of A„(8,a) for small a. Writing the lo-

cal optical potential in the form

V(r) = VIv(r) + Vs(r)cr I + Vc,„I(r)

0.4

ARNDTS SM80 Cpp AMPLITUDE

E
0.2-

LLI
C5

t—

CL~ Ol-

00
i

-O, J
I I I

I 2
MOMENTUM TRANSFE& (frn )

FIG. 6. The proton-proton spin-orbit amplitudes c~~

(solid curves) and c~~ 4',dashed curves) of phase shift solu-

tion SM80. The differences between the two sets of
curves are due to the pure electromagnetic one-photon-
exchange contribution cz~.

where Vc,„I(r) is the spin-independent proton-
nucleus Coulomb potiental, the proton-nucleus
scattering amplitude

F(q}=f(q) + g (q) o"n

is given in the Glauber model by' '

and

00

f(q) = f&(q) + ik f db bJO(qb)e ~'
I 1 —e cos[kbXs(b)]] (10)

(12)

where u is the incident velocity. If the long range tail of Vs(r) is expressed as

(11

Here, k is the incident momentum, b is the impact parameter, ' fz (q) is the Rutherford amplitude, Xz,(b) and

Xc(b) are the point and distributed Coulomb phases defined in Ref. 20, and Xs (b) and Is(b) are given by'

XN(b) = —(A'u) ' f dz'V~(b + kz')

&s(b) = —(iru)-I f dz'Vs(b+ kz }

Vs(r) = B,gr, for r & R

where R,„& 2R&, then

Xs(b) = —2B+(A'ub ), b & R

(g 2 b 2)1/2

= —(2/Iriu) f dz Vs(b+ kz }

(14)

—(2B+Iriu) [b ' —(R,„' —b')'~'(R, „b') '], b & R



548 6. W. HOFFMANN et al. 24

For the case considered here, kbXs(b) « 1 for
b & R,„, so the scattering amplitudes in Eqs. (10)
and (11) are readily evaluated. The contribution to
the integral in Eq. (10) for R & b ~ oo was
shown to be negligible. The part of the integral in

Eq. (11) for R,„&b ~ ao,

I(q) = ik—f„db bJi(qb)e

g sin[28 k/( iiivb)], (16)

was evaluated numerically. Thus, using the
Glauber model and the KMT optical potential with

the convergence factor, the p + Pb analyzing
powers Az(8,a) were computed for a = 0 and for
various a & 0. In this way, the convenience with

which the Glauber formalism yields Az(O, a = 0)
was exploited to guide in the selection of conver-

gence parameters for the full KMT calculations.
The variation of Az(8, a) with a was found to be

smooth, and values of a = 0.01, 0.02, and 0.03
fm (with r = 6.6 fm) were determined to be suf-

ficiently small to permit an accurate parabolic extra-

polation of the Schrodinger equation solutions for
Az(8, a) to a = 0. A matching radius of 19.6 fm

and 145 partial waves were required for these calcu-
lations.

The effect of the electromagnetic spin-orbit contri-
bution to c&&(q) on the 800 MeV p + Pb Az(8)
can be seen by comparing the solid and dashed

curves of Fig. 2. The differences between the two
curves are surprising. Including the electromagnetic
contribution to c&&(q) shifts the angular positions of
the maxima and minima in the predicted analyzing

power into alignment with the data at all forward

angles where previous calculations (e.g. , dashed

curve of Fig. 2) have failed. The data forward of 8'

are now qualitatively reproduced by the parameter-
free prediction. There is still not enough structure
predicted between 8' and 20', but at least the dif-

fractive pattern is now in alignment with the data.
The importance of the electromagnetic spin-orbit

potential indicates that phenomenological c&z ampli-
tudes should include this

~ q ~

' dependence in ad-

dition to the q exp( —Bq ) form of Eq. (7). We an-

ticipate that the c&~ part of an empirical cz& ampli-
tude which includes the

~ q ~

' dependence at

q ~0 will be similar to the phase shift results

displayed in Fig. 4.
To close the discussion of this topic, we note that

a previously reported eikonal calculation by Osland
and Glauber' first suggested the importance of the
electromagnetic spin-orbit potential for proton elas-

tic scattering at medium energies. However, their

results are quantitatively different from those report-
ed here. In particular, including the electromagnet-
ic spin-orbit term led to a shift to larger angle of the
position of the first maximum in the analyzing

power with no change in position for the first
minimum. ' We also comment that a previously re-

ported preliminary KMT calculation ' of proton-
nucleus analyzing powers at 800 MeV, using phase
shift amplitudes with the electromagnetic spin-orbit
term included, is incorrect due to an insufficiently

large matching radius used in joining the numerical
solutions to the Coulomb wave functions.

F. Sensitivity to uncertainty in nucleon-nucleon

amplitudes

The remaining discrepancy between experiment

and theory (solid curve in Fig. 2) occurs near the
third and fourth maxima in Az(8), or at about 1.5
fm '. The part of

czar (q) which dominates the
proton-nucleus analyzing powers at 1.5 fm ' lies

between q = 0 and q 1.5 fm '. Since forward-

angle (0 & q & 1.5 fm ') X-%data at or near 800
MeV are scarce, ' ' especially for p-n, the
discrepancy may very well reflect inaccurately
determined Ã-E amplitudes at small momentum
transfers. Forward angle (6 —30' in c.m. ) 800
MeV p -p and p -n triple scattering measurements
will be made in the near future at LAMPF to pro-
vide the required data to check the adequacy of the

phase shift predictions at small q.
To investigate whether small variations in one or

more of the needed amplitudes could significantly

improve the prediction shown in Fig. 2, three dif-

ferent sets of amplitudes were generated for sensi-

tivity calculations. The first set consisted of azz
and c from phase shift solution SM80 and a „
and Im(c&„) from solution CK80, but with a
Gaussian Re(cz„) obtained as in Ref. 8 by search-

ing to minimize the total chi squared for the avail-

able p + n cross section and polarization data. ' In
this search, a~„, Im(c~„), and the other Wolfenstein
amplitudes, '

m&„, g&„, and hz„, were taken from
CK80 and held fixed. The second set of amplitudes
consisted of a and c from SM80, and a „,
Re(cz„), mz„, gz„, and hz„of CK80, with Im(cz„)
varied to fit the p + n data. The third set of ampli-
tudes consisted of a and c from SM80 and
Gaussian ann and c&n, with rnpn~ gran~

and hpn from
CK80. The Gaussian amplitudes were searched to
fit the p + n data, using the form of Eq. (7).

In this way, by constraining some of the ampli-
tudes to be those predicted by phase shift solutions,
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and independently adjusting others to refit the N-N'

data we were able to generate a variety of "new"

angu ar istributionsolutions which fit the p + n angul d' 'b

and polarization data with chi-squared values equal

to or superior to those of the phase shift solutions.

The resulting Gaussian amplitudes generally tend to

tudes, but give'slightly different predictions for the

diff
p + b. analyzing power. The prim

erences lie in the overall magnitude redic
~ ~

e primary

and in thee depths predicted for the minima. Ty i-

cal changes in 3',0 a„( ) are 0.02 at forward angles and

O.OS at larger angles. Noting that the new ampli-
tu es were generated using the same m

pp ouble spin-flip amplitudes (which may them-

se ves be poorly determined), it is possible that the

remaining differences between theory a d d ta ~F' .n a ( ig.
) are due to slightly inaccurate N-N 1'

low q.
amp itudes at

G. Sensitivit toy nucleon-nucleon correlations

The calculations reported here also include local

p approximations for the generally nonlocal,
second-order KMT optical potential. I F' .
t e e ects of these correlation contributions on the

pre icted analyzing power are shown. In e h

culation the 1a ion, the electromagnetic spin-orbit otential

i e an the fit to the differential cross section

data was recovered by slightly varying the neutron

density parameters. The dashed-d t d
ed when n

e - o te curve result-

e when no correlations were included. The dashed

curve was obtained by including Pauli, short-range

dynamical an~dy ', and center-of-mass correlation contribu-

a o e optical po-tions to the spin-independent part f th

tentia . The solid curve was obtained by additional-

y including the Pauli correction to the spin-orbit

ic potenti term usesform of the second-order optical 'al

t e eikonal and local dal density approximations and as-

sumes that the correlation and N-N '
interaction

ranges typically 0.5 and 1 fm, respectively) are
small compared to the nuclear size; thus the goodus, t e good
It at back angles (solid curve in Fi 2) b
ui ous. The differences between the three curves in

ig. provide an estimate of the second-order
correlation effects.

as ma e using the em-An additional calculation was mad
pirica c& amplitude of Table I to generate the spin-

e i erences betweenorbit correlation potential. The diff
t e resulting A~(8) of the KMT calculation and the

analogous calculation using the phase shift c arePJ

FIG. 7. The 0.8 GeV p+ 208Pb 1e astic analyzing

power data are compared to results of calculas o c cu ations done
'

g amp itudes resulting from phase shift 1i ana ysis of

the im or
eon-nuc eon data. The three curves sh 'lls own i ustrate

e importance of two-nucleon corr 1 te a ions see text).
The electroma neticg

'
spin-orbit potential was omitted in

these calculations.

somewhat significant in that the depths of the mini-

ma vary by as much as 0.03. Thus, we cannot
discount the possibility that part of the remaining

due to the inexact treatment of correlations

H. Other considerations

Calculations were also made in which the
Coulomb distorted nuclear parts of the N-N a
tudes wer

s o e - ampli-

N-N c.m. s s
ere more carefully transform d f he romt e

tern. The i

c.m. system to the proton-nucleus 8 'trei sys-

em. e differences between such amplitudes
and those obtaintained by transforming each part of the
amplitudes of . 3
(as done f

. ) as if they were simply seal
or the standard calculations reported in

sca ars

this paper and others ) ar th t h

Ima ( iCN
are at t e range of

[ &J q)] n momentum-transfer space is in-

creased, and the nuc eucleon c.m. system amplitude

cz (o~ + cr )n beco. mes (J c& o~ + cj cr ) n in

the Breit frame. Wallace obt
'

d Go aine a Gaussian
parametrization of the properl t fy rans ormed nuclear
amplitudes of Amdt's phase shift solution CD79, as
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well as a Gaussian parametrization of the CD79
center-of-mass amplitudes. Using these two ampli-
tude sets, we then obtained new predictions for the
800 MeV p + Pb analyzing power. The main
effect observed was a slight deepening of the minima
of A~(8) by amounts varying from 0.01 (at 10') to
0.05 {at larger angles).

Additional corrections to the impulse approxima-
tion remain to be evaluated. Although the spin-

independent effects of Pauli blocking, Fermi
motion averaging, and nonlocplity have been es-

timated to be small, the spin-dependence of these
corrections to the impulse approximation has not
been considered. Other possibly important correc-
tions include off-shell effects and additional
Coulomb effects, ' as well as the proper relativistic
transformation of the full Coulomb plus nuclear
N-N amplitudes from the c.m. to the Breit frame.
Such a transformation would mix Coulomb and nu-

clear terms and could have nonnegligible conse-
quences for nuclear size determination and analyz-

ing power predictions. The latter question is
presently under investigation.

curve of Fig. 2 [p-p and p-n nuclear amplitudes
from phase shift solution SM80, with c~z(q) includ-

ed]. The dashed curve is the prediction using a&~

and a&„ from SM80 and the empirical cz of Table I
(corresponding to the solid curve of Fig. 1). The
large differences between the solid or dashed-dotted
curves and the dashed curve are due to the large
differences in the Re[cd(q)] used for each calcula-
tion (see Figs. 4 and 6). The significant differences
between the solid and dashed-dotted curves are due
to the electromagnetic spin-orbit potential. Since
the predicted spin-rotation parameter is affected by
both Re[czz (q)] and czar(q), measurement of Q (8)
will provide an additional constraint for evaluating
the success of microscopic calculations at 800 MeV.
In addition, measurement of the three observables,
do/d 0, A~(8), and Q(8), provides all the informa-
tion required to obtain the proton-nucleus ampli-
tudes at each q (except for an overall phas'e).

IV. SUMMARY AND CONCLUSION

I. Spin-rotation predictions
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FIG. 8, Second-order KMT predictions of the spin-
rotation quantity g (9). The three curves resulted using
the same phase shift generated a~~ amplitudes, but dif-
ferent spin-dependent c~J amplitudes (see text).

Finally, KMT predictions for the spin-rotation

quantity Q(8), corresponding to the various calcu-
lations discussed in this work, are shown in Fig. 8.
The solid curve corresponds to the calculation
which generated the dashed curve of Fig. 2 (p-p and

p-n nuclear amplitudes from phase shift solution
SM80, no electromagnetic spin-orbit term), while

the dashed-dotted curve corresponds to the solid

New 800 MeV & + 20sPb elastic analyzing power
data have been presented and analyzed. It was
shown that a second-order, parameter-free KMT
prediction obtained using currently available N-N
amplitudes, the impulse approximation, and the
electromagnetic spin-orbit potential (arising from the
coupling of the incident proton's magnetic moment
with the Coulomb field of the target nucleus) pro-
vides a qualitative description of the data. The lev-

eling off of the analyzing power envelope at a value
of 0.65 for angles greater than 20' is correctly
predicted by the best microscopic calculation, and
the locations of the predicted maxima and minima
agree with the data. The sensitivity of the predicted
A~(8) to N Namplitude unc-ertainties and to
second-order correlation contributions was found to
be significant. These uncertainties could possibly
account for the remaining discrepancy between the
best microscopic prediction and the data.

Estimates of the effect on A~(8) of the proper re-
lativistic transformation of the nuclear N-N ampli-
tudes from the J-N center-of-'mass to the Breit
frame were made, and the effect was found to be
small. Finally, predictions for the spin-rotation
quantity, Q(8) were obtained using both phase shift
and phenomenological amplitudes.

Very recently, we have also conducted a prelimi-
nary investigation of electromagnetic spin-orbit ef-

fects in 800 MeV p + Ca elastic scattering. A
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substantially improved fit to the forward-angle

A~(8) data was obtained when the electromagnetic
spin-orbit potential was included.
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