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Analyzing power and cross section distributions of the knockout reaction208Pb„p¢ ,2p…207Tl
at an incident energy of 202 MeV
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Exclusive measurements of the cross section and analyzing power for the208Pb(pW ,2p)207Tl proton knockout
reaction at 202 MeV are presented for three quasifree angle pairs. Energy-sharing cross section distributions
are found to be in excellent agreement with distorted wave impulse approximation~DWIA ! calculations,
yielding spectroscopic factors that are in reasonable agreement with (e,e8p) studies and theoretical expecta-
tions. The measured analyzing powers are, however, in significant disagreement with results of standard DWIA
calculations that utilize the free nucleon-nucleon interaction. Analyzing power calculations are furthermore
found to be insensitive to variations in the distorting potentials, different descriptions of the bound state,
different energy prescriptions of the two-body interaction, and nonlocality effects. Agreement between theory
and experiment is shown to improve only when the density dependence of the nucleon-nucleon interaction is
incorporated within the DWIA.
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I. INTRODUCTION

The description of quasifree proton scattering by mean
the distorted wave impulse approximation~DWIA ! theoreti-
cal framework@1# has proven successful in predicting ang
and energy-sharing correlation cross sections over a w
energy range~76–600 MeV! for light and medium mass tar
gets up to 40Ca @2–9#. Recently, in a study of the
208Pb(p,2p)207Tl reaction at an incident energy of 200 Me
@10#, it was shown that the DWIA can also accurately pred
cross sections for proton knockout from a heavy targ
yielding spectroscopic factors that are in good agreem
with results from (e,e8p) studies. This success, despite t
severe distortion effects due to the heavy target nuclei, d
onstrates the validity of the theoretical treatment of the p
ton distortions within the DWIA framework, at least as far
the ability to predict cross sections is concerned.

Predictions of the analyzing power of quasifree prot
knockout reactions for light to medium mass targets a
however, known to be problematic. Although some succ
has been achieved for the spin observables for quas
(p,2p) scattering at 200 MeV on16O and 40Ca for both
relativistic and nonrelativistic DWIA calculations@11–13#, it
is also known that experimental energy-sharing analyz
power for the very light targets3,4He at 200 MeV is substan
tially reduced compared to calculations@14,15#. Likewise,
Carmanet al. @16# illustrated a similar discrepancy in th
angle-integrated exclusive data for12C(p,2p) at 200 MeV.
For proton knockout from a16O target at 500 MeV, Miller
et al. @17# observed that the analyzing power data are sign
cantly reduced in comparison with non-relativistic or relat
istic DWIA calculations, particularly for knockout of th
1s1/2 protons. Measurements of proton knockout at 392 M
from thes1/2 states in6Li, 12C, and40Ca made by Hatanak
et al. @18# revealed a similar reduction that is a monoto
cally increasing function of the averaged density at which
0556-2813/2002/66~3!/034602~13!/$20.00 66 0346
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reaction experiences its major contribution. This stron
suggests the existence of a medium effect on the nucle
nucleon interaction, as would be intuitively expected.

On the other hand, Milleret al. @17# showed that, al-
though the inclusion of density-dependent interactions in
DWIA calculations improved agreement with the data, it s
does not resolve the discrepancy satisfactorily. This re
supports the conclusion of Noroet al. @19#, who showed that
the distinct density dependence of the reduction in analyz
power in 6Li, 12C, and40Ca is only qualitatively reproduced
when incorporating similar density-dependent DWIA calc
lations as used in Ref.@17#.

In order to investigate the origin of the overprediction
the analyzing power, it is useful to compare the observ
phenomenon with the situation for different target nucl
especially fors-state knockout. Fors-state knockout the re
lation between the spin observables of the (p,2p) reaction
and that of free nucleon-nucleon scattering is expected to
a relatively simple one, whereas the effective polarization
the bound nucleons~the so-called Maris effect@20#! makes
the relation somewhat complicated in the case oflÞ0 states
@18#. The prominence ofs-state knockout in the case of
208Pb target would then make it an ideal candidate for furt
study. Since previous cross section results@10# suggested
that the available theoretical framework could successfu
be applied to knockout from heavy target nuclei, a hig
resolution coincidence measurement of energy-sharing c
section and analyzing power of the208Pb(pW ,2p)207Tl knock-
out reaction at 202 MeV was undertaken with the aim
separate the 3s1/2 ground state from the first three excite
states of207Tl.

The following section~Sec. II! elaborates on the detail
related to the experimental arrangement and the data an
sis. Details of the theoretical calculations are given in S
III. The results are presented in Sec IV, followed by t
summary and conclusion in Sec. V.
©2002 The American Physical Society02-1
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II. EXPERIMENTAL PROCEDURE

The experimental work was performed with the separa
sector cyclotron facility of the iThemba Laboratory for A
celerator Based Sciences~formerly known as the Nationa
Accelerator Center!, Faure, South Africa. A proton beam o
energy 20260.5 MeV, polarized normal to the scatterin
plane and with beam intensities of up to 30 nA, was de
ered to the magnetic spectrometer experimental area. En
spread of the beam was limited to an estimated 125 keV
emittance-limiting slits in the beamline. Beam polarizati
was switched from up to down in 10-sec intervals in order
minimize systematic errors in analyzing power measu
ments. The typical polarization ranged between 70%
80%, with the difference in the polarization between the t
orientations routinely less than 5%, and always less t
15%.

Protons were detected in coincidence with aK5600
QDD magnetic spectrometer~where K is the well-known
magnetic spectrometer constant! and aDE-E detector tele-
scope, mounted coplanar on opposite sides of the incid
beam. The detector telescope consisted of a 1000-mm silicon
surface barrier detector and a 15-mmN-type high-purity pla-
nar germanium detector. Energy-sharing cross sections
analyzing powers were measured for three angle pairs c
to the quasifree condition, i.e., angle pairs at which knock
of bound protons at rest in the target nucleus is kinematic
accessible. Limitations due to the finite thickness of the g
manium crystal, the design of the scattering chambers
well as hydrogen contamination of the208Pb targets re-
stricted measurements to the angle pairs (uK600,u telescope)
5(22°,262.3°), (28°,254.6°), and (33°,249.7°), where
uK600 andu telescopedenote the scattering angles at which t
magnetic spectrometer and telescope are respectively
tioned. The sign~positive or negative! indicate respective
angles on opposite sides of the incident beam. A layout of
experimental setup is shown in Fig. 1. The accelerator
main details of the experimental equipment have previou

FIG. 1. An overhead view of the detector configuration. Hig
energy protons were detected on the beam-left side with thK
5600 QDD magnetic spectrometer, shown here with its associ
focal plane detectors. ADE-E detector telescope, consisting of a G
stoppingE detector and a SiDE detector, detected the lower-energ
protons on the beam-right side.
03460
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been described elsewhere@21#.
Particle identification in the telescope was achiev

through standardDE-E techniques, while particle identifica
tion in the spectrometer was achieved through time-of-fli
selection andDE-DE techniques using the two scintillato
detectors in the focal plane of the spectrometer. Calibra
of the germanium detector for the early experimental ru
was achieved by making a coincident measurement of
H(p,p) reaction at 202 MeV for the elastic scattering ang
pair (32.7°,254.6°). Later calibrations were based on va
ous elastic and inelastic scattering reactions from H,12C,
and 197Au, obtained at different angles for a 66.5-MeV pr
ton beam. All the calibration parameters were then optimiz
in the off-line analysis by ensuring a sharp as possible p
in the binding-energy spectrum for proton knockout. The s
con detector was calibrated with a228Th a source, and the
magnetic spectrometer by means ofp112C elastic and in-
elastic scattering with a 202-MeV proton beam.

Two self-supporting isotopically enriched208Pb target
foils of different thicknesses were used. The thicker of t
two was 7.760.54 mg cm22 thick, and consisted of 98% iso
topically enriched208Pb. The thinner208Pb target, enriched
to 99%, had a thickness of 0.7460.04 mg cm22. The thinner
target was chosen for runs aimed at a better energy res
tion, whereas the thicker target was chosen to obtain a hig
count rate in other runs.

A typical binding-energy spectrum is shown in Fig.
Due to straggling and other effects the energy resolut
achieved for neither target was sufficient to achieve comp
online separation of the 3s1/2 ground state of207Tl from the
2d3/2 first excited state, or to resolve the 2d5/2 and 1h11/2
states. However, the data were still of sufficient quality, ha
ing a full width at half maximum of 310 keV for the thin
target and 480 keV for the thick target, to allow the extra
tion of data for knockout to respectively the 3s1/2 and the
2d3/2 states. This was achieved by means of a peak-fitt
procedure constrained by the known separation energie
the proton bound states, as found in Ref.@22#. Sufficient data
for peak deconvolution was acquired only for the data set

ed FIG. 2. A typical binding-energy spectrum for th
208Pb(pW ,2p)207Tl knockout reaction at 202 MeV. The states releva
to this study are indicated.
2-2
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ANALYZING POWER AND CROSS SECTION . . . PHYSICAL REVIEW C66, 034602 ~2002!
the angle pairs (28°,254.6°) and (22°,262.3°). Lower sta-
tistics for the 2d5/2 and 1h11/2 states, together with the fac
that the contribution of the 1h11/2 state to the sum of the two
states is negligible over most of the observed energy ra
anyway, did not make efforts to obtain results for each
these states separately worthwhile. For the angle pair (2
262.3°) the accuracy of cross section distributions for
resolved states was lost due to electronic malfunction,
this did not affect the measurement of the analyzing pow

The analyzing power (Ay) was obtained by taking the
different polarizations of the upward and downward pol
ized beams into account through the relationship

Ay5
C↑2C↓

C↑p↓1C↓p↑ . ~1!

The quantityC↑(↓) denotes the corrected quasifree-scatter
yield for upwards~downwards! polarized incident protons
and p↑(↓) represents the degree of upward~downward! po-
larization. The systematic error for the cross section resu
mainly due to uncertainty in target thickness, is estimated
be 8%. Systematic errors in the analyzing power, due to
uncertainty in the measured polarization, were found to
negligible compared to the analyzing power statistical erro

III. THEORETICAL CALCULATIONS

The ability to accurately predict cross sections and a
lyzing powers within the DWIA theoretical framework de
pends on a good description of the distortion mechan
affecting the incoming and two outgoing nucleons, an ac
rate description of the bound nucleon and also a sound
derstanding of the nucleon-nucleon interaction inside
nuclear field. It is therefore instructive to investigate the s
sitivity of the theoretical calculations to these three essen
components of the DWIA.

Theoretical calculations were performed with the nonr
ativistic DWIA formalism@23,24#, i.e., treating the nucleon
nucleon interaction nonrelativistically while the kinemati
of the knockout process is treated relativistically, using
recent version of the computer codeTHREEDEE @25#. The
DWIA formalism gives the transition amplitude as a produ
of a distorted wave momentum distribution and a two-bo
nucleon-nucleon amplitude, which is half off the energy sh
@26#. However, in the case of the present study, with a p
jectile energy of 202 MeV, aQ value of 8.013 MeV, and
experimental conditions emphasizing minimum recoil m
mentum, approximating the half off-shell two-body amp
tude by an on-shell two-body amplitude is regarded as
sonable. This nevertheless leads to ambiguities in
evaluation of the nucleon-nucleon interaction regarding
assignment of the energy in the two-body scattering syst
Two different energy prescriptions are routinely used: in
final energy prescription the effective laboratory kinetic e
ergy for the two-particle interaction is calculated with t
final state proton kinematics. The initial energy prescripti
on the other hand, employs the initial state proton kinema
to calculate the effective kinetic energy.
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Distorted waves for the incident and outgoing proto
were generated by solving the Schro¨dinger equation with
complex optical potentials, and results given by three diff
ent optical potential sets were investigated. These were a
generated by a Schro¨dinger equivalent reduction of the glo
bal Dirac analysis of Hamaet al. @27# ~the second parametri
zation!, a set from the work of Schwandtet al. @28#, and the
parameters of Nadasenet al. @29#. Nonlocality effects for the
distorted waves were incorporated according to a simple
rametrization of the nonlocal potentials by Perey and Bu
@30# in terms of the above local potentials.

The radial part of the single-particle bound-state wa
function was generated as a solution of the Schro¨dinger
equation with a Woods-Saxon potential. The various bou
state parameter sets@10,24,31–33# that were utilized are gen
erally constrained by electron scattering data. The nonlo
ity of the bound-state wave functions was treated similarly
the treatment of nonlocality in the distorted waves.

The two-body interaction in the DWIA is approximate
by the interpolation of available phase shifts@34# determined
from nucleon-nucleon elastic scattering. Calculations
density-dependent nucleon-nucleon interactions, com
menting the above density-independent calculations, w
performed with the empirical effective interaction param
etrized by Kelly and Wallace@35#. A second, alternative ap
proach, involved at matrix modified for an effective nucleon
mass, following the procedure proposed by Horowitz a
Iqbal @36#.

Finally, for comparison relativistic DWIA calculation
were also performed with the codeRELP2P@37#, which em-
ploys the finite-range RDWIA model of Mano and Kud
@38#. In this model the single-particle bound-state wave fun
tions are calculated from relativistic mean fields produced
the Dirac-Hartree model. Distorted wave functions are cal
lated from microscopic optical potentials obtained by foldi
nuclear densities with the nucleon-nucleon interaction
Horowitz @39#. In all the calculations it was assumed that t
ground state and first three excited states of208Pb are unfrag-
mented, which is a reasonable assumption especially for
3s1/2 and 2d3/2 states@32,40#.

IV. RESULTS AND DISCUSSION

Experimental triple differential cross section and analy
ing power results for the unseparated valence states fo
three the measured angle pairs are displayed and comp
to theoretical calculations in Figs. 3 and 4. The data
presented as a function of the energy of the most energ
proton in the final state, i.e., the proton detected in the m
netic spectrometer. Panels in different rows denote results
different angle pairs, and knockouts to different combin
tions of states for these various angle pairs are found in p
els in the different columns. The error bars shown repres
the statistical uncertainty, and the arrows indicate the p
tion of minimum recoil. Theoretical results for the combine
knockout to the various states are calculated by weigh
contributions from the different states with relative spect
scopic factors (RSF), as obtained by Royeret al. @41# in a
208Pb(d,3He)207Tl study. For the combined knockout fromn
2-3
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states the effective theoretical analyzing power is thus gi
by

Aeff5

(
i 51

n

d3s i
•Ay

i
•RSFi

(
j 51

n

d3s j
•RSFj

, ~2!

and the effective triple differential cross section by

FIG. 3. Energy-sharing cross sections for the208Pb(pW ,2p)207Tl
reaction at 202 MeV for the unresolved valence states at the a
pairs indicated. The curves represent DWIA predictions for the
nucleon-nucleon interaction and distorting optical potential para
eter sets of Schwandtet al. @28# ~solid line!, Nadasenet al. @29#
~dashed line!, and Hamaet al. @27# ~dot-dashed line!. The DWIA
calculations shown are plotted with the spectroscopic factors f
Table I, multiplied by the shell model value of 2j 11. The arrows
indicate the position of minimum recoil.
03460
n

d3seff5(
i 51

n

d3s i
•RSFi , ~3!

where d3s i , Ay
i , and RSFi , respectively, represents th

triple differential cross section, analyzing power, and relat
spectroscopic factors~normalized to eitherRSF3s1/2 or
RSF2d5/2) for knockout to statei.

The experimental results and theoretical calculations
the separated ground and first excited state are displaye
Fig. 5, along with the results for the pair of states (2d5/2
11h11/2). For reasons mentioned previously, analyzi
power data for the 3s1/2 and 2d3/2 single state knockout ex
ists only for the two angle pairs (22°,262.3°) and (28°,
254.6°), and the corresponding cross section data only
the latter angle pair. Note that whereas in Figs. 3 and 4

le
e
-

m

FIG. 4. Energy-sharing analyzing powers for th
208Pb(pW ,2p)207Tl reaction at 202 MeV for the unresolved valenc
states. The details of the calculations are the same as in Fig. 3
2-4
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FIG. 5. Analyzing power and cross sectio
energy-sharing distributions for th
208Pb(pW ,2p)207Tl reaction at 202 MeV for the re-
solved 3s1/2 and 2d3/2 states. Note that the result
for the unresolved (2d5/211h11/2) states are com-
pared to calculations for the 2d5/2 state only. De-
tails of the calculations are the same as in Fig.
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experimental results of the (2d5/211h11/2) states were com
pared to theoretical values for the combination of the t
states, the theoretical values presented in Fig. 5 are for
2d5/2 state only. A comparison of DWIA calculations for on
the 2d5/2 state to the result of the combination of the tw
states clearly illustrates that the contribution of the 1h11/2
state is negligible small over most of the energy range c
ered in this experiment, and can subsequently be ignore

The theoretical calculations in Figs. 3, 4, and 5 repres
standard nonrelativistic DWIA calculations performed w
the bound state parameter set of Mahaux and Sartor@31#, and
the various distorting optical potentials noted in the previo
section. The Perey Buck damping term@30# with nonlocality
range of b50.85 fm was used to incorporate nonlocali
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effects for the distorted and bound state waves. The
nucleon-nucleon interaction in the final energy prescript
was employed to evaluate the nucleon-nucleon scatte
amplitude.

From Figs. 3 and 5 it is clear that the cross sections
adequately predicted by the DWIA calculation, for all thr
optical potential sets used. Good overall shape agreeme
found between experiment and theory for the mixed st
results of all the angle pairs, as well as for the 3s1/2 and 2d3/2
results for the angle pair (28°,254.6°). Furthermore, the
experimental spectroscopic factors from Table I compare
vorably with those from the literature, listed in Table II. Di
ferences between the spectroscopic factors for different o
cal potential sets are ascribed mostly to the differences in
r

TABLE I. Experimental spectroscopic factors~normalized to a maximum value of unity! extracted from

the standard DWIA calculation that employs the Hamaet al.’s @27# distorting optical potential. The erro
indicates experimental systematic errors.

Angle pair all states 3s1/212d3/2 3s1/2 2d3/2 2d5/211h11/2 2d5/2

(22°,262.3°) 0.6560.05 0.5960.04 2 2 0.5660.04 0.7060.04
(28°,254.6°) 0.9060.07 0.8560.07 0.8260.07 0.8460.07 0.6160.05 0.6760.05
(33°,249.7°) 0.5260.04 0.4560.04 2 2 0.4860.04 0.5160.04
2-5
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R. NEVELING et al. PHYSICAL REVIEW C 66, 034602 ~2002!
strength of the imaginary part of the central potential. For
analyzing power results, serious discrepancies are evi
from Figs. 4 and 5. Theoretical calculations, especially
results involving the 3s1/2 state, overestimate the measur
analyzing power considerably, irrespective of the optical
tential set used. However, better agreement is achieved
the (2d5/211h111/2) results.

Extensive calculations were performed to test the se
tivity of the analyzing power to the choice of energy pr
scription of the nucleon-nucleon interaction, the influence
nonlocality, as well as the choice of bound state param
sets. While it is known@5,47# that nonlocality effects and
different bound state parameter sets cause amplitude v
tions in calculated cross sections, the analyzing power for
208Pb(pW ,2p) reaction reveals little or no sensitivity to thes
aspects of the calculation. Calculations for the initial a
final energy prescriptions also revealed negligible diff
ences.

A. Density dependence of the nucleon-nucleon interaction

The analyzing power for the exclusive (p,2p) measure-
ment has contributions from both the quasifree react
~target-nucleon momentum distribution, distortion effects

TABLE II. Existing spectroscopic factors for the 3s1/2 state.

Reference Spectroscopic factor

@10# (p,2p) 0.720.8
@42# (e,e8p) 0.65
@43# (e,e8p) 0.71
@44# (e,e8p) 0.70
@45# theory 0.7160.1
@46# theory 0.69
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the incoming and final state protons! as well as the underly-
ing spin correlation coefficient of the nucleon-nucleon int
action. In this section, density-dependent modifications to
latter are investigated.

The radial localization of the knockout reaction provid
insight into the possible magnitude of medium modificatio
on the quasifree reaction. This is investigated by calculat
the contribution of the triple differential cross section as
function of radial distance, as described in Ref.@48#. The
histograms shown in Fig. 6 represent the radial distribut
of contributions to the DWIA cross section at the point
minimum recoil, arbitrarily normalized to comparable ma
nitudes for comparison purposes. The smooth solid cur
represent the bound-state radial wave functions, shown
radial reference. Although it is clear that the reaction is
calized mainly on the nuclear surface,s-state knockout dis-
plays a somewhat larger contribution from the nuclear in
rior than thed states. This suggests that it could be mo
susceptible to medium modification of the nucleon-nucle
interaction. A definite trend is also clearly observed for ths
state, where the contribution to the reaction from the nucl
interior is decreasing with increasing scattering angleuK600,
leading to a possible corresponding decrease in sensitivit
medium effects for an increase in the primary scatter
angle. Note that this conclusion regarding the magnitude
the contribution from the nuclear interior applies only at
near the quasifree point. For example, at recoil momen
precoil>80 MeV/c calculations predict an increase in th
contribution to the reaction at smaller radii, compared to c
culations at the quasifree point.

Calculations with the density dependence of the nucle
nucleon two-body interaction included are compared w
calculations with the free interaction, as well as with expe
mental values in Figs. 7 and 8. The distorting optical mo
potential for these calculations was obtained from the w
t
.

FIG. 6. Histograms depicting
the radial distribution of contribu-
tions to the DWIA cross section
(Ds) at the quasifree point for
three valence states of208Pb. The
smooth solid lines represen
bound state radial wave functions
2-6
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ANALYZING POWER AND CROSS SECTION . . . PHYSICAL REVIEW C66, 034602 ~2002!
of Hamaet al. @27#, and the effects observed for the influ
ence of density dependence is similar for the other sets
were investigated. It is observed that the two methods
introducing the density dependence of the nucleon-nucl
interaction yield very similar results. Calculated cross s
tions are insensitive to the density dependence of
nucleon-nucleon interaction, and spectroscopic factors th
fore remain largely unaffected. However, theoretical anal
ing power energy distributions that include the density
pendence of the nucleon-nucleon interactions are notice
lower than those that utilize the free nucleon-nucleon in
action. Yet, for the 3s1/2 state and the combination of stat
that involves the 3s1/2 state, the disagreement with expe

FIG. 7. Analyzing power energy-sharing distributions for t
unresolved valence states. The curves represent DWIA predic
for the optical potential parameter set of Hamaet al. @27#, utilizing
the free nucleon-nucleon interaction~dashed line! and the density
dependent interactions of Kelly and Wallace@35# ~solid line! and
Horowitz and Iqbal@36# ~dot-dashed line!.
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mental data remains significant, while the reduction result
acceptable agreement in the case of the 2d5/2 state. Results
for the 2d3/2 state appear adequate for the angle pair (2
254.6°), but unsatisfactory for the angle pair (22
262.3°). An interesting observation is that the differen
between the free and density-dependent calculations for
3s1/2 state increases as the scattering angleuK600 is de-
creased. This is, of course, as expected from the radial lo
ization calculations.

B. Distortion effects

In order to explore the problem with the 3s1/2 state fur-
ther, the influence of proton distortions is investigated. P
ton distortions for a heavy target such as208Pb are quite
severe; the result is that cross sections are typically dim
ished to less than 5% of the plane-wave impulse approxi
tion ~PWIA! value. The distortions also dramatically alter th
analyzing power from the plane-wave results, which th
corresponds to the free nucleon-nucleon scattering valu
the absence of a distorting potential. In the latter case
total energy and relative scattering angle at which
nucleon-nucleon interaction occurs remains approxima
constant over the energy-sharing range; therefore, the re
ing distortion-free analyzing power does not vary apprec
bly as a function of energy of the outgoing proton. Both t
spin-orbit term of the distorting optical potential as well
the effective polarization of the knocked-out target nucle
generated through the absorptive~imaginary! terms of the
distorting optical potentials, introduces a reaction dep
dence on the spin orientation of the incoming protons. B
cause of the energy dependence of the optical potent
asymmetries in cross sections for differently polarized
coming protons occur that vary with outgoing proton ener
giving rise to the fluctuation of the analyzing powerAy
around the plane-wave value.

It is therefore instructive to observe the effect of the e
clusion of the spin-orbit interaction in the entrance and
exit channels, shown in Fig. 9. In the total absence of sp
orbit distortion it is observed that the analyzing power for t
3s1/2 state approaches the plane-wave limit, and no lon
varies appreciably as a function of energy of the outgo
proton. It can also be said that the contribution to the sh
of the analyzing power for especially thes-state knockout
originates predominantly from the spin-orbit interaction b
tween the projectile and initial nucleus. This follows fro
the fact that the contribution of the~real! spin-orbit potential
relative to the central potential is more prominent at high
energies. On the other hand, the qualitative features of
analyzing power of thed states remain independent o
whether the spin-orbit interaction is included in the gene
tion of the distorted waves or not. Similar trends have be
illustrated for calculations of the208Pb(p,2p) reaction at 150
MeV @24#.

The shape of the analyzing power for the 3s1/2 state is
thus due to the spin-orbit part of the optical potenti
whereas for the otherlÞ0 states both the spin-orbit term an
the effective polarization~Maris effect! contribute. For the
2d3/2 state it is found that the Maris effect dominates ov

ns
2-7
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FIG. 8. Analyzing power
energy-sharing distributions fo
the resolved valence states. Th
details of the calculations and no
tation of the curves are the sam
as in Fig. 7.
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the contribution of the spin-orbit potential toAy , whereas for
the 2d5/2 state both sources of asymmetry contribute.

Because the spin-orbit potential plays such a promin
role in determiningAy of the s state, modifications to the
spin-orbit interaction and its effect on the analyzing pow
requires further investigation, in order to rule out the pos
bility that this state of affairs is brought about by deficienc
common to all potential sets used. The physical significa
of the real spin-orbit term is well established within the no
relativistic framework. On the other hand, the imagina
spin-orbit termWso has a dubious physical origin, and is sa
to merely represent a spin-dependent modification of
central imaginary potential, reducing absorption in the s
face area@28,29#. Hence positive values for the imagina
term do not imply flux creation. This is in contrast with th
Dirac equation based optical potential, where the imagin
spin-orbit potential appears as a natural consequence o
Dirac framework, and is shown to be critical to the fit
optical potential calculations to proton nucleus scatter
data, even at low energies@49#. Thus, from the Hama poten
tial we know that we need the imaginary spin-orbit term.

In Fig. 10 the effects on the analyzing powerAy for arbi-
trary changes to the imaginary spin-orbit potential is inv
tigated, whereWso8 5a3Wso with a5(21,0,1). Changing
the sign ofWso , making it repulsive as in the case of the re
spin-orbit term, clearly improves agreement of experim
with theoretical results. Although better agreement betw
theory and experimental data can be achieved by an arbi
imaginary spin-orbit (Wso) term, the physical significance o
this is clearly dubious, and it is therefore not pursued furth
However, an interesting feature of the calculated analyz
powers of thes state forall the calculations featuring modi
fied spin-orbit potentials is that variation in the spin-or
potential has a negligible influence on the analyzing powe
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the point of minimum recoil. We conclude from this, simila
to Miller et al. @17#, that the consistent failure of the analy
ing power prediction at the quasi-free point indicates t
deficiencies of the optical potential alone cannot be blam
for the failure of the model.

C. Relativistic DWIA calculations

The initial failure of the DWIA to predict analyzing pow
ers at 200 MeV@4,5# was solved by the relativistic finite
range DWIA calculations of Maxwell and Cooper@50,51#
and Mano and Kudo@38#. This success at 200 MeV is in
contrast with the failure of these calculations to achieve si
lar success at 500 MeV@13,17#. As a first test of the predic-
tive powers of the relativistic distorted wave impulse a
proximation ~RDWIA! for proton knockout from a heavy
target at the projectile energy of 200 MeV, the relativis
finite-range DWIA calculation as modeled by Mano a
Kudo @38# is compared with a nonrelativistic DWIA calcula
tion.

Experimental results are compared with the RDWIA c
culations performed with the code of Mano@37# in Fig. 11,
compared to a representative density-dependent nonrela
tic DWIA calculation, using the second parametrization
the Dirac equation based potential as parametrized by H
et al. @27#, and the Kelly-Wallace nucleon-nucleon intera
tion @35#.

For the cross-section distributions both the relativistic a
nonrelativistic calculations yield similar agreement with t
experimental values. The marked reduction observed c
pared to nonrelativistic DWIA calculations for thes-state
analyzing power below 150 MeV for the angle pair (22
262.3°), and below 130 MeV for the angle pair (28
254.6°), is responsible for the improvement in agreem
2-8
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FIG. 9. Analyzing power
energy-sharing distributions fo
the ground state and first two ex
cited valence states for the optica
model potential of Hamaet al.
@27# and the Kelly-Wallace@35#
effective interaction~solid line!,
compared to calculations wher
the spin-orbit interaction is ne
glected for both incoming and
outgoing channels~dashed line!,
for the incoming projectile only
~small dashed line!, and for the
two outgoing protons only~dot-
dashed line!.
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with all the experimental results. However, near the quasi
point it is found that the relativistic analyzing power calc
lations suffer from similar discrepancies with the experime
tal data as the nonrelativistic calculations. The results for
2d3/2 state appear to be an ‘‘attenuated’’ version of the n
relativistic analyzing power calculation, which leads to a b
ter agreement for the 2d3/2 results for the angle pair (22°
262.3°), while resulting in worse agreement with the e
perimental results from the angle pair (28°,254.6°). The
relativistic calculation also fails to give good predictions f
the 2d5/2 state, perhaps even worse than the non-relativi
calculations.

Although the failure of RDWIA calculations in our case
not as spectacular as for the16O(p,2p) reaction at 500 MeV
@17#, it is nevertheless a problem which was not observed
the quasifree scattering experiments at 200 MeV for
other targets (16O,40Ca). It should, however, be kept in min
03460
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ic
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that these calculations were done only for the free nucle
nucleon interaction, and that density-dependent effe
should be included before the RDWIA can be discarded
inappropriate.

V. SUMMARY AND CONCLUSION

High-resolution measurements for the208Pb(pW ,2p)207Tl
quasifree proton knockout reaction performed in this stu
show, as expected, that the standard nonrelativistic DW
calculation yield a good shape agreement for the cross
tion results, as well as satisfactory spectroscopic fact
However, experimental analyzing power data for especia
the 3s1/2 state exhibits a substantial reduction from the st
dard nonrelativistic DWIA calculations if the half-shell two
body scattering amplitude is approximated by the fr
nucleon-nucleon interaction. The inability of the DWIA t
2-9
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FIG. 10. Calculated analyzing
power energy-sharing distribu
tions for the 3s1/2, 2d3/2, and
2d5/2 states for the optical mode
potential of Hamaet al. @27# and
the Kelly-Wallace @35# effective
interaction ~solid line!, compared
to calculations with a modified
version of the imaginary part o
the spin-orbit potential: Wso8 5

2Wso ~dashed line! and Wso8 50
~dotted line!.
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predict analyzing powers accurately for light and mediu
targets is thus shown to persist in the high target-mass
gion.

One component of the DWIA calculation that is known
strongly affect the shape of the analyzing power is the opt
potential used to generate the distortions of the proton w
functions. These distortions cause energy-dependent mo
cations to the corresponding PWIA analyzing power. F
s-state knockout the modification of the corresponding PW
analyzing power is due to the spin-orbit term of the opti
potential, and more specifically due to the spin-orbit dist
tion of the projectile proton. It was shown that at the qua
free point, the analyzing power displays minimal sensitiv
to changes in the spin-orbit potential term, which indica
that the observed analyzing power discrepancy is unlikel
be due to sensitivity to the distorting potentials. The dev
tion of the analyzing power for thed states from the PWIA
value originates from both the spin-orbit potential terms
03460
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well as the effective initial spin polarization of the struc
nucleon. No adjustment, within reason, to the different p
tential parameters of either the phenomenological Sch¨-
dinger or Dirac equation based optical potentials could
solve the discrepancy between experiment and the
Because the distortions can only alter the shape of the PW
analyzing power, without reducing the PWIA benchma
analyzing power, it is concluded that, in principle, the d
scription of the proton distortions cannot account for t
lowering of the analyzing power, needed to describe the d
Arguments that the reduction inAy as observed at the highe
energies is likely to be ascribed to inaccuracies in the par
etrization of the standard phenomenological Schro¨dinger op-
tical potentials~known to be less well determined at energi
.200 MeV @52#! is thus shown to be unlikely.

It is clear that the mechanism required to improve agr
ment between experiment and theory must result in a
duced value for the calculated PWIA analyzing power ov
2-10
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FIG. 11. Analyzing power and
cross-section energy-sharing di
tributions for the resolved 3s1/2

and 2d3/2 states. Note that the re
sults for the unresolved (2d5/2

11h11/2) states are compared t
calculations for the 2d5/2 state
only. Calculations shown are fo
the optical potential of Hama
et al. @27# ~DH2D! and the Kelly-
Wallace @35# effective interaction
~dot-dashed line!, compared to
calculations made with theRDWIA

code of Mano~solid line!.
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the whole recoil momentum range. Other facets of
DWIA, such as the sensitivity to the energy prescription
the nucleon-nucleon interaction, as well as nonlocality
fects, were investigated and shown to play a negligible r
Since the wave functions used for the bound protons
consistent with results from (e,e8p) studies, it is concluded
that the problem is unlikely to be caused by the descript
of the bound state wave function.

From the radial localization of the DWIA cross section
is seen that a small, though non-negligible contribution to
reaction originates from inside the nuclear volume. A m
dium modification to the nucleon-nucleon interaction
therefore a natural candidate in the search for mechan
that cause changes in the analyzing power of the nucle
nucleon interaction. The inclusion of density-depend
nucleon-nucleon interactions exhibited the desired trend
reducing the theoretical calculations over the whole rang
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recoil momenta. This reduction results in acceptable ag
ment between the theoretical prediction and experime
data for the 2d5/2 states, while the disagreement remains s
nificant for the 3s1/2 state.

In order to ascertain whether a full relativistic calculatio
could provide a ready solution to the analyzing power pro
lem, a standard relativistic DWIA~RDWIA! calculation was
performed. Superficially the RDWIA calculation seems
provide much better results than the nonrelativistic calcu
tions. However, whereas there is definitely improvement
the 3s1/2 state, agreement between the theoretical and exp
mental distributions for the other states deteriorates. Furt
more, the reduction near the quasifree point is as bad
worse, as for the nonrelativistic calculations, indicating th
the RDWIA is not more successful than the nonrelativis
DWIA. However, further calculations in which the densi
dependence is introduced are needed before a final con
2-11
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sion can be drawn concerning the success of the RDWIA
To summarize: From thecross-sectionresults of the

208Pb(pW ,2p)207Tl reaction at an incident energy of 202 Me
we conclude that the DWIA is a reasonable theoreti
framework for the description of quasifree proton scatteri
However, discrepancies between experimental and theo
cal analyzing powerdistributions indicate a need for refine
ments to the model. Furthermore, it is shown that a nucle
matter density-dependent description of the nucleon-nuc
interaction inside the nuclear field is the only likely ingred
ent of the DWIA that allows an appropriate modification
the analyzing power. Available prescriptions for the introdu
tion of a density dependence of the nucleon-nucleon inte
n-
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tion are reasonably successful, but the problem is not fu
resolved, especially for knockout of protons from thes-state
shell-model orbital. Clearly, further investigation of the th
oretical formulation of this density dependence is needed
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