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Relativistic predictions of spin observables for exclusive proton knockout reactions
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We demonstrate the ability of complete sets of exclusive (pW ,2pW ) polarization transfer observables to dis-
criminate between different model ingredients of the relativistic distorted wave impulse approximation
~DWIA !. Spin observables are identified, which are sensitive to Dirac versus Schro¨dinger dynamical equations
of motion, different distorting optical potentials, finite-range versus zero-range approximations to the DWIA,
as well as medium-modified meson-nucleon coupling constants and meson masses. In particular, we consider
the knockout of protons from the 3s1/2, 2d3/2, and 2d5/2 states in208Pb, at an incident laboratory kinetic
energy of 202 MeV, and for coincident coplanar scattering angles~28.0°,254.6°!. The reaction kinematics are
chosen so as to maximize the influence of distortion effects, while still maintaining the validity of the impulse
approximation, and also avoiding complications associated with the inclusion of recoil corrections in the
relativistic Dirac equation.

DOI: 10.1103/PhysRevC.68.034608 PACS number~s!: 24.10.Jv, 24.70.1s, 25.40.2h
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I. INTRODUCTION

It is now well established that spin observables are m
appropriate than unpolarized cross sections for discrimi
ing between subtle physical processes partaking in nuc
reactions@1#. Different spin observables usually exhibit s
lective sensitivity to different physical effects and, hence,
order to test the validity of a theoretical model, it is advisa
to measure as many independent spin observables as po
or, at the very least one needs to identify~via model predic-
tions! specific observables which can potentially address
physical problem of interest.

One of the most challenging problems in nuclear phys
is to understand how the properties of the strong interac
are modified inside nuclear matter. Various theoretical m
els @2–4# predict the modification of meson-nucleon co
pling constants as well as nucleon and meson masse
normal nuclear matter. In the last decade, an exhaus
analysis of various nuclear medium corrections to the f
nucleon-nucleon ~NN! interaction has been undertake
within the context of the distorted wave Born approximati
~DWBA! for the description of high-precision polarizatio
data associated with proton-nucleus inelastic scattering
discrete states. Despite the inclusion of a variety of differ
nuclear medium corrections, current DWBA models still f
to consistently describe the latter polarization data@5–11#. At
present, there is no overwhelming experimental signa
supporting the need for including nuclear medium corr
tions to the NN interaction. However, we believe that exc
sive (pW ,2pW ) reactions—whereby an incident polarized prot
knocks out a bound proton from a specific orbital in t
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nucleus and the two scattered protons, one of which is po
ized, are detected in coincidence—are ideally suited
studying the behavior of the NN interaction in the nucle
medium. By exploiting the discriminatory nature of indepe
dent spin observables for the knockout protons from dee
low-lying single particle states in nuclei, one can in princip
extract information about the density dependence of the
interaction in a model-dependent fashion. Indeed, with
recent developments in the production of polarized pro
beams and the construction of high resolution spectrome
with focal plane polarimeters, it is possible to measure co
plete sets of polarization transfer observables which re
the components of a scattered polarized proton beam to
corresponding components of an incident proton beam wh
is polarized in an arbitrary direction~see Sec. IV!.

To date most exclusive proton knockout data have b
analyzed within the framework of the distorted wave impu
approximation~DWIA !, the main ingredients of which ar
the scattering wave functions for the incoming and two o
going protons, the boundstate wave function of the stru
proton in the target nucleus, and the interaction between
incident proton and bound proton. Furthermore, the impu
approximation assumes that the form of the NN scatter
matrix in the nuclear medium is the same as that for free
scattering. The DWIA also assumes that the main influe
of the nuclear medium is to modify~distort! the scattering
wave functions relative to their corresponding plane wa
values for scattering in free space: nuclear distortion effe
are incorporated via the inclusion of appropriate optical p
tentials, gauged by elastic scattering data, in the underly
equations of motion.

Since the tremendous success of the relativistic me
field theory@2# for describing nuclear reactions and nucle
structure, there are serious concerns regarding the validit
nonrelativistic Schro¨dinger-equation-based models in nucle
physics. In this paper, we focus on a relativistic descript
©2003 The American Physical Society08-1
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of exclusive (pW ,2pW ) spin observables. Conventional wisdo
claims that, since the binding energy of a nucleon in
nucleus is relatively small compared to the rest mass o
nucleon, relativistic effects are unimportant for nuclear str
ture problems, and hence the nonrelativistic Schro¨dinger
equation should provide an appropriate dynamical basis
nuclear physics studies. In recent years, however, the ab
of quantum hadrodynamics, an effective relativistic fie
theory, to provide a mechanism for nuclear saturation
spin-orbit splitting in nuclei, has led to growing eviden
that the relativistic Dirac equation is the correct underlyi
dynamical equation. In particular, the small nuclear bind
energy and the strength of the spin-orbit interaction both
sult from the subtle interplay between an attractive Lore
scalar~attributed to the exchange of sigma mesons!, with a
strength of approximately2400 MeV, and a repulsive vecto
potential~attributed to the exchange of omega mesons! with
a strength of approximately1350 MeV @2#.

Recently, we demonstrated that the relativistic DWIA pr
vides an excellent description of analyzing power data
the knockout of protons from the 3s1/2, 2d3/2, and 2d3/2
states in 208Pb at an incident energy of 202 MeV and f
coincident coplanar scattering angles~28.0°, 254.6°! @12#.
Our motivation for choosing the208Pb target and a relatively
low incident energy of 202 MeV was to maximize the infl
ence of distortion effects, while still maintaining the validi
of the impulse approximation, and also avoiding complic
tions associated with the inclusion of recoil corrections in
relativistic Dirac equation@13,14#. In particular, we studied
the effect of medium-modified coupling constants and me
masses on the above analyzing powers for both zero-ra
~ZR! and finite-range~FR! approximations to the relativistic
DWIA. On one hand, the relativistic ZR predictions su
gested that the scattering matrix for NN scattering in
nuclear medium is adequately represented by the corresp
ing matrix for free NN scattering, without nuclear mediu
corrections. On the other hand, the relativistic FR res
imply that a 10% to 20% reduction of meson-coupling co
stants and meson masses by the nuclear medium is ess
for providing a consistent description of the 3s1/2, 2d3/2,
and 2d5/2 analyzing powers. Hence, within the context of t
relativistic DWIA, it is not clear whether nuclear-mediu
modifications are important or not. In addition, one needs
fully understand whether the differences between ZR and
calculations are attributed to essential physics or numer
errors due to extensive computational procedures assoc
with FR predictions~compared to ZR calculations!. In Refs.
@12,15# it was also reported that the nonrelativist
Schrödinger-equation DWIA predictions completely fail t
reproduce the 3s1/2 and 2d3/2 analyzing powers. Systemati
corrections to the nonrelativistic model—such as differ
kinematic prescriptions for the NN amplitudes, nonlocal c
rections to the scattering wave functions, density-depend
modifications to the free NN scattering amplitudes, as w
as the influence of different scattering and bounds
potentials—failed to remedy the nonrelativistic dilemm
@15#. Although the analyzing power results seem to sugg
that the Dirac equation is the preferred dynamical equatio
more definite statement regarding the role of dynamics
03460
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only be made after comparing model predictions to comp
sets of polarization transfer observables for proton knock
from a variety of states in nuclei. In addition, such a co
parison will deepen our understanding of the influence of
nuclear medium effects on the NN interaction as well as s
light on the role of FR versus ZR effects in exclusive prot
knockout reactions.

Unfortunately, there are no published spin observa
data, other than the analyzing power, for the reaction ki
matics of interest. In an effort to demonstrate the uniq
ability of polarization data, and in particular data on com
plete sets of polarization transfer observables, to selectiv
address many of the above-mentioned physics issues
present the first relativistic and nonrelativistic predictions
complete sets of polarization transfer observables for ex
sive proton knockout from the 3s1/2, 2d3/2, and 2d5/2 states
in 208Pb, at an incident laboratory kinetic energy of 20
MeV, and for coincident coplanar scattering angles~28.0°,
254.6°!. More specifically we investigate the sensitivity o
these observables to FR versus ZR approximations to
relativistic DWIA as well as medium-modified meson
nucleon coupling constants and meson masses. In orde
reliably extract information on the latter it is necessary
minimize model-input uncertainties. The most likely sour
of uncertainty could be related to ambiguities associated w
the choice of global optical potential parameters for gene
ing the incident and outgoing scattering wave functions: d
ferent global parameter sets are constrained by different
of experimental data for elastic proton-nucleus scatteri
For a heavy target nucleus such as208Pb the effect of nuclear
distortion is to reduce the unpolarized triple differential cro
section to about 5% of its plane wave value: differences
optical potential parameter sets translate to an uncertaint
10% in the latter cross sections@16#. The question arises a
to how sensitive polarization transfer observables are
nuclear distortion and, in particular, to different optical p
tential parameter sets. Current qualitative arguments sug
that, since polarization transfer observables are ratios of
larized cross sections, distortion effects on the scatte
wave functions effectively cancel, and hence simple pla
wave models~ignoring nuclear distortion! should be appro-
priate for studying polarization phenomena@17,18#. Recently
we demonstrated that, contrary to intuition, the (pW ,2p) ana-
lyzing power is extremely sensitive to nuclear distorti
within the context of the relativistic DWIA@12#. The analyz-
ing power is, however, relatively insensitive to different gl
bal Dirac optical potential parameter sets. In this paper
extend the latter investigation to study, for the first time, t
effect of nuclear distortion on complete sets of polarizat
transfer observables for exclusive (pW ,2pW ) reactions.

In Sec. II, we briefly describe the essential ingredie
underlying the relativistic DWIA for both ZR and FR ap
proximations to the NN interaction. Thereafter, in Sec. I
we discuss our prescription for invoking nuclear mediu
modifications of the NN interaction. The formalism for ca
culating complete sets of spin observables is presente
Sec. IV. Results are presented in Sec. V, and we summa
and draw conclusions in Sec. VI.
8-2



A

in

c

e

by

th

ed

r-

la
:
f

s

d

t

a-

of
me
that

li-
-
NN

ht
fit

m,

re
s in
n-

d in
y
to

of a
orn
ely,
, and

the

N

in

-
les,

IA
on.
ix-

the
nal

RELATIVISTIC PREDICTIONS OF SPIN . . . PHYSICAL REVIEW C68, 034608 ~2003!
II. RELATIVISTIC DISTORTED WAVE IMPULSE
APPROXIMATION

Both ZR and FR approximations to the relativistic DWI
have been discussed in detail in Refs.@19# and @20,21#, re-
spectively. In this section, we briefly describe the main
gredients of these models. The exclusive (p,2p) reaction of
interest is schematically depicted in Fig. 1, whereby an in
dent protona knocks out a bound protonb from a specific
orbital in the target nucleusA, resulting in three particles in
the final state, namely, the recoil residual nucleusC and two
outgoing protonsa8 andb, which are detected in coincidenc
at coplanar laboratory scattering anglesua8 andub , respec-
tively. All kinematic quantities are completely determined
specifying the rest massesmi of particles, wherei 5 (a, A,
a8, b, C), the laboratory kinetic energyTa of incident par-
ticle a, the laboratory kinetic energyTa8 of scattered particle
a8, the laboratory scattering anglesua8 andub8 , and also the
binding energy of the proton that is to be knocked out of
target nucleusA.

For a finite-range NN interaction, the relativistic distort
wave transition matrix element is given by

TLJMJ
~sa ,sa8 ,sb!5E drWdrW8@c̄ (2)~rW,kWa8C ,sa8!

^ c̄ (2)~rW8,kWbC ,sb!# t̂ NN~ urW2rW8u!

3@c (1)~rW,kWaA ,sa! ^ fLJMJ

B ~rW8!#, ~1!

where ^ denotes the Kronecker product. The fou
component scattering wave functionsc(rW,kW i j ,si) are solu-
tions to the fixed-energy Dirac equation with spherical sca
S(r ), and timelike vector,V(r ), nuclear optical potentials
c (1)(rW,kWaA ,sa) is the relativistic scattering wave function o
the incident particlea with outgoing boundary condition
@indicated by the superscript~1!#, wherekWaA is the momen-
tum of particlea in the (a1A) center-of-mass system, an
sa is the spin projection of particlea with respect tokWaA as
the ẑ-quantization axis;c̄ (2)(rW,kW jC ,sj ) is the adjoint relativ-
istic scattering wave function for particlej @ j 5(a8,b)# with

FIG. 1. Schematic representation for the coplanar (p,2p) reac-
tion of interest.
03460
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incoming boundary conditions@indicated by the superscrip
~2!#, where kW jC is the momentum of particlej in the (j
1C) center-of-mass system, andsj is the spin projection of
particle j with respect tokW jC as theẑ-quantization axis. The
boundstate proton wave functionfLJMJ

B (rW), labeled by

single-particle quantum numbersL, J, and MJ , is obtained
via self-consistent solution to the Dirac-Hartree field equ
tions of quantum hadrodynamics@22#. In addition, we adopt
the impulse approximation which assumes that the form
the NN scattering matrix in the nuclear medium is the sa
as that for free NN scattering. Furthermore, we assume
the antisymmetrized NN scattering matrixt̂ NN(urW2rW8u) is
parametrized in terms of the five Fermi covariants@23#, the
so-called IA1 representation of the NN scattering amp
tudes. In principle, the NNt matrix can be obtained via so
lution of the Bethe-Salpeter equation, where the on-shell
amplitudes are matrix elements of thist matrix. However, the
complexity of this approach gives limited physical insig
into the resulting amplitudes. An alternative approach is to
the amplitudes directly with some phenomenological for
rather than generating thet-matrix from a microscopic inter-
action. Although the microscopic approach is certainly mo
fundamental, the advantage of phenomenological fits lie
their simple analytical form, which allows them to be co
veniently incorporated in calculations requiring the NNt ma-
trix as input. The NNt matrix employed in this paper is
based on the relativistic meson-exchange model describe
Ref. @24#, the so-called relativistic Horowitz-Love-Frane
~HLF! model, where the direct and exchange contributions
the IA1 amplitudes are parametrized separately in terms
number of Yukawa-type meson exchanges in first-order B
approximation. The parameters of this interaction, nam
the meson masses, meson-nucleon coupling constants
the cutoff parameters, have been adjusted to reproduce
free NN elastic scattering observables.

Adopting a much simpler ZR approximation for the N
interaction, namely,

t̂ NN~ urW2rW8u!5 t̂ NN~Teff
,ab,ueff

cm!d~rW2rW8! ~2!

the relativistic distorted wave transition matrix element
Eq. ~1! reduces to

TLJMJ
~sa ,sa8 ,sb!5E drW@c̄ (2)~rW,kWa8C ,sa8!

^ c̄ (2)~rW,kWbC ,sb!# t̂ NN~Teff
,ab,ueff

cm!

3@c (1)~rW,kWaA ,sa! ^ fLJMJ

B ~rW !#, ~3!

whereTeff
,ab and ueff

cm represent the effective two-body labo
ratory kinetic energy and center-of-mass scattering ang
respectively.

As already mentioned, a FR approximation to the DW
is inherently more sophisticated than a ZR approximati
However, in practice, the numerical evaluation of the s
dimensional FR transition matrix elements, given by Eq.~1!,
is nontrivial and subject to numerical uncertainties. On
other hand, for the ZR approximation, the three-dimensio
8-3
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G. C. HILLHOUSEet al. PHYSICAL REVIEW C 68, 034608 ~2003!
integral given by Eq.~3! ensures numerical stability an
rapid convergence~and hence faster computational time!.
Another advantage of the ZR approximation is that one
directly employ experimental NN scattering amplitude
rather than rely on a relativistic meson-exchange model,
hence, one is insensitive to uncertainties associated
interpolations and/or extrapolations of the limited meso
exchange parameter sets. In this paper, we compare
and ZR predictions for complete sets of polarization trans
observables.

In principle, one could employ the HLF model for als
generating microscopic relativistic scalar and vector opt
potentials by folding the NNt matrix with the appropriate
Lorentz densities via thetr approximation. An attractive fea
ture of thetr approximation is self-consistency, that is, t
HLF model is used for generating both NN scattering am
tudes and optical potentials. However, for the kinematic
gion of interest to this paper, we consider it inappropriate
employ microscopictr optical potentials, the reason bein
that HLF parameter sets only exist at 135 and 200 M
whereas optical potentials for the outgoing protons are
quired at energies ranging between 24 and 170 MeV. Th
enforcing self-consistency would involve large, and re
tively crude, interpolations/extrapolations, leading to inac
rate predictions of the spin observables. Furthermore, the
lidity of the impulse approximation, to generate microsco
tr optical potentials at energies lower than 100 MeV, is qu
tionable. Hence, in this paper we consider only global Di
optical potentials@27#, as opposed to microscopictr optical
potentials, for obtaining the scattering wave functions of
Dirac equation.

III. NUCLEAR MEDIUM EFFECTS

For estimating the influence of nuclear-medium modific
tions of the NN interaction on spin observables, we adopt
Brown-Rho scaling conjecture@3# which attributes nuclear
medium modifications of meson-nucleon coupling consta
as well as nucleon and meson masses, to partial restor
of chiral symmetry. In particular, we invoke the scaling re
tions proposed by Brown and Rho@3# and also applied by
Krein et al. @25# to (p,2p) reactions, namely,

ms*

ms
'

mr*

mr
'

mv*

mv
[j, ~4!

gsN*

gsN
'

gvN*

gvN
[x, ~5!

where the medium-modified and free meson masses are
noted bymi* andmi , with i P(s,r,v), respectively. Meson-
nucleon coupling constants, with and without nucle
medium modifications, are denoted bygjN* and gjN , where
j P(s,v); respectively; see Sec. V for typical values
j andx.
03460
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IV. SPIN OBSERVABLES

The spin observables of interest are denoted by Di 8 j and
are related to the probability that an incident beam of p
ticlesa with spin-polarizationj induces a spin-polarizationi 8
for the scattered beam of particlesa8; the subscript j
5(0,,,n,s) is used to specify the polarization of the incide
beama along any of the orthogonal directions

,̂5 ẑ5 k̂aA ,

n̂5 ŷ5 k̂aA3 k̂a8C ,

ŝ5 x̂5n̂3 ,̂, ~6!

and the subscripti 85(0,,8,n8,s8) denotes the polarization
of the scattered beama8 along any of the orthogonal direc
tions:

,̂85 ẑ85 k̂a8C ,

n̂85n̂5 ŷ,

ŝ85 x̂85n̂3 ,̂8. ~7!

The choicej ( i 8)50 is used to denote an unpolarized inc
dent~scattered! beam. With the above coordinate axes in t
initial and final channels, the spin observables Di 8 j are de-
fined by

Di 8 j5

(
MJ ,sb

Tr~Ts jT
†s i 8!

(
MJ ,sb

Tr~TT†!

, ~8!

whereDn05P refers to the induced polarization,D0n5Ay
denotes the analyzing power, and the other polariza
transfer observables of interest areDnn , Ds8s , D,8, , Ds8, ,
and D,8s . The denominator of Eq.~8! is related to the un-
polarized triple differential cross section, i.e.,

d3s

dTa8dVa8dVb

} (
MJ ,sb

Tr~TT†!. ~9!

In Eq. ~8!, the symbolss i 8 and s j denote the usual 232
Pauli spin matrices, namely,

s05S 1 0

0 1D ,

ss85ss5sx5S 0 1

1 0D ,

sn5sy5S 0 2 i

i 0 D ,

s,85s,5sz5S 1 0

0 21D , ~10!

and the 232 matrix T is given by
8-4
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FIG. 2. Polarization transfer observables plotted as a function of the kinetic energyTa8 for the knockout of protons from the 3s1/2 state
in 208Pb, at an incident energy of 202 MeV, and for coincident coplanar scattering angles~28.0°,254.6°!. The different line types represen
the following calculations: relativistic ZR-DWIA~solid line!, relativistic plane wave~dotted line!, nonrelativistic DWIA~dashed line!, and
relativistic FR-DWIA ~dot-dashed line!. The analyzing power data are from Ref.@15#.
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T5S TLJ
sa51

1
2 ,sa851

1
2 TLJ

sa52
1
2 ,sa851

1
2

TLJ
sa51

1
2 ,sa852

1
2 TLJ

sa52
1
2 ,sa852

1
2
D , ~11!

wheresa56 1
2 andsa856 1

2 refer to the spin projections o
particlesa anda8 along theẑ andẑ8 axes, defined in Eqs.~6!
and~7!, respectively; the matrixTLJ

sa ,sa8 is related to the rela-
tivistic (p,2p) transition matrix elementTLJMJ

(sa ,sa8 ,sb),
defined in Eqs.~1! and ~3!, via

TLJ
sa ,sa85TLJMJ

~sa ,sa8 ,sb!. ~12!

V. RESULTS

In this section we study the sensitivity of complete sets
exclusive (pW ,2pW ) spin observables, for the knockout of pr
tons from the 3s1/2, 2d3/2, and 2d5/2 states in208Pb, at an
incident energy of 202 MeV, and for coincident coplan
scattering angles~28.0°,254.6°!, to distorting optical poten-
tials, FR versus ZR approximations to the relativistic DWI
03460
f

r

as well as to medium-modified meson-nucleon coupling c
stants and meson masses. We also compare our relativ
results to corresponding nonrelativistic Schro¨dinger-based
predictions based on the computer codeTHREEDEEof Chant
and Roos@26#. Our aim is to identify specific observable
which can be measured in order to unravel and unders
the role of the above approximations, model ingredients
different dynamical models. All results are presented
graphical form via Figs. 2–7 so to highlight the influence
a specific model ingredient. In general, a spin observable
be regarded as being sensitive to a particular model ingr
ent if the inclusion thereof changes the observable by m
than the expected maximum experimental error of ab
60.1. Although the graphs speak for themselves, and
sensitivity of an observable to particular physical effect d
pends on the kinematic point or kinematic region of intere
we will nevertheless make a few qualitative and gene
statements regarding our sensitivity analysis. In additi
note that unless otherwise specified, all DWIA predictio
are based on the energy-dependent mass-independent g
Dirac optical potential parameter set which has been c
strained by208Pb (p,p) elastic scattering data for inciden
proton energies between 21 and 1040 MeV, namely, the
rameter set ‘‘EDAI-fit’’ for 208Pb in Ref.@27#.
8-5
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FIG. 3. Polarization transfer observables plotted as a function of the kinetic energyTa8 for the knockout of protons from the 2d3/2 state
in 208Pb, at an incident energy of 202 MeV, and for coincident coplanar scattering angles~28.0°,254.6°!. The different line types represen
the following calculations: relativistic ZR-DWIA~solid line!, relativistic plane wave~dotted line!, nonrelativistic DWIA~dashed line!, and
relativistic FR-DWIA ~dot-dashed line!. The analyzing power data are from Ref.@15#.
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First, we display the influence of relativistic nuclear d
tortion effects on complete sets of spin observables by c
paring relativistic ZR-DWIA to relativistic plane wave pre
dictions ~with zero scattering potentials! for knockout from
the 3s1/2, 2d3/2, and 2d5/2 states in Figs. 2–4, respectivel
the solid lines indicate the relativistic ZR distorted wave
sult and the dotted lines represent the relativistic plane w
result. For completeness we include the analyzing power
culations reported in Ref.@12#. As already mentioned in the
latter publication, we see that the prominent oscillatory str
ture of the analyzing powers is mostly attributed to dist
tions of the scattering wave functions. Similarly, for the oth
spin observables there are large differences between the
tivistic distorted wave and plane wave results. The ab
observations clearly illustrate the importance of includi
nuclear distorting optical potentials for calculating spin o
servables, thus refuting previous qualitative claims that s
observables, being ratios of cross sections, are insensitiv
nuclear distortion effects. In addition, we have also inve
gated the sensitivity of all spin observables to a variety
different global Dirac optical potential parameter sets@28#.
Although these results are not displayed, we find that all s
observables are relatively insensitive to different global
tical potentials, with differences between parameter sets
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ing smaller than the experimental statistical error indica
on the analyzing powers.

Next, we compare relativistic FR-DWIA~dot-dashed line!
to relativistic ZR-DWIA ~solid line! predictions. In general
it is seen that most spin observables are relatively sens
to differences in ZR and FR predictions. For knockout fro
the 3s1/2 state~Fig. 2!, the induced polarizationP is the most
sensitive observable to differences between FR and ZR
dictions, whereasDs8s is relatively insensitive. For knockou
from the 2d3/2 state@Fig. 3#, on the other hand,D,8s displays
large differences between ZR and FR calculations, wher
Ay , P, andDs8s display small differences. For the 2d5/2 state
~Fig. 4!, Ds8, and Ay are the most and the least sensiti
observables to FR versus ZR differences, respectively. W
comparing ZR and FR predictions to the only existing prot
knockout spin observable data on208Pb, namely, the analyz
ing power, we generally see that the ZR predictions prov
an excellent description for knockout from all three stat
Note, however, that although the relativistic FR~dot-dashed
line! predictions are not as spectacular as the correspon
ZR calculations, they still provide a reasonable qualitat
description of the data. The measurement of observa
which display large differences between ZR and FR pred
tions will check the consistency of the analyzing power
8-6
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RELATIVISTIC PREDICTIONS OF SPIN . . . PHYSICAL REVIEW C68, 034608 ~2003!
FIG. 4. Polarization transfer observables plotted as a function of the kinetic energyTa8 for the knockout of protons from the 2d5/2 state
in 208Pb, at an incident energy of 202 MeV, and for coincident coplanar scattering angles~28.0°,254.6°!. The different line types represen
the following calculations: relativistic ZR-DWIA~solid line!, relativistic plane wave~dotted line!, nonrelativistic DWIA~dashed line!, and
relativistic FR-DWIA ~dot-dashed line!. The analyzing power data are from Ref.@15#.
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sults and serve to further constrain relativistic DWIA mode
We also compare our relativistic ZR and FR calculatio

to nonrelativistic~dashed line in Figs. 2–4! DWIA predic-
tions based on the commonly used computer codeTHREEDEE

of Chant and Roos@26#. First, we mention the analyzin
power results reported in Ref.@12#. With the exception of the
2d5/2, it is clearly seen that the relativistic ZR~solid line!
and FR~dot-dashed line! predictions are consistently sup
rior compared to the corresponding nonrelativistic calcu
tions. This suggests that the Dirac equation is the most
propriate dynamical equation for the description of analyz
powers. Moreover, these results represent the clearest s
tures to date for the evidence of relativistic dynamics in p
larization phenomena. However, before claiming with c
tainty that the relativistic equation is the most appropri
dynamical equation, it is necessary to identify additional o
servables which should be measured in order to further s
the question of dynamics. In this respect, we generally
that all spin observables are relatively sensitive to Dir
versus Schro¨dinger-based DWIA models. In particular, fo
knockout from the 3s1/2 state the spin observablesAy , Dnn ,
and Ds8s exhibit large differences between Dirac- an
Schrödinger-based DWIA models. On the other hand,
knockout from the 2d3/2 state the most sensitive observab
to dynamical differences areDnn , D,8s , and D,8, . For
2d5/2 knockout the most sensitive observables areDs8s and
03460
.
s
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p-
g
na-
-
-
e
-
dy
e
-

r

D,8s . A number of interesting observations are made at
point Ta8'145 MeV corresponding to minimum recoil mo
mentum. First of all, we see that for 3s1/2 knockout the in-
duced polarizationP, Ds8, , andD,8s , the relativistic plane
wave, ZR-DWIA, and nonrelativistic DWIA predictions ar
virtually identical at this point; ZR-DWIA and FR-DWIA
predictions are nearly identical for bothDnn and Ds8, .
For knockout from the 2d3/2 state, both FR-DWIA and
ZR-DWIA yield similar results forP, Ds8s , and Ds8, ; P
andDs8s are insensitive to nuclear distortion at the point
question. Finally, we see that for 2d5/2 knockout, relativistic
plane wave, FR-DWIA, and nonrelativistic DWIA predic
tions are virtually identical forDs8, and D,8s . Hence, by
measuring spin observables at minimum recoil moment
one can eliminate differences between different dynam
models and model parameters and focus on a specific i
of interest.

Next we study the sensitivity of spin observables to t
nuclear medium modifications of the NN interaction~dis-
cussed in Sec. III! within the context of the relativistic
DWIA. In Ref. @12# we studied the sensitivity of analyzin
powers to 20% reductions of meson-nucleon coupling c
stants and meson masses by the nuclear medium relativ
the values for free NN scattering. More specifically we cho
j5x and varied these values between 1.0 and 0.8 for kno
8-7
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FIG. 5. Polarization transfer observables plotted as a function of the kinetic energyTa8 for the knockout of protons from the 3s1/2 state
in 208Pb, at an incident energy of 202 MeV, and for coincident coplanar scattering angles~28.0°, 254.6°!. The vertically hatched band
represents the sensitivity of a particular FR-DWIA spin observables to a reduction of coupling constants and meson masses rangin
to 20% of the free values. The dotted band represents the corresponding ZR-DWIA predictions.
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out from all three states of interest. The latter equality is o
assumed for simplicity, so as to get a feeling for the sen
tivity of observables to changes in the relevant mes
nucleon coupling constants and meson masses. The choi
values forj and x is motivated by the fact that the proton
knockout reactions of interest are mainly localized in t
nuclear surface and, hence, the nuclear medium modi
tions are expected to play a relatively minor role. Actua
using the procedure proposed in Ref.@29#, the effective mean
densities are estimated to be between 0.08 and 0.15 o
saturation density. In particular, for the analyzing powers
question we established that for values ofj5x,0.8 both
FR-DWIA and ZR-DWIA models fail to reproduce the ex
perimental analyzing power data. Regarding nuclear med
effects, for the ZR predictions we concluded in Ref.@12# that
the inclusion of medium-modified meson-nucleon coupl
constants and meson masses successfully described the
lyzing power data, whereas the ZR predictions suggest
the scattering matrix for NN scattering in the nuclear m
dium is adequately represented by the corresponding m
for free NN scattering, excluding corrections for the nucle
medium. It is important to measure other spin observa
data in order to check the consistency of the conclus
based on only the analyzing power data. In this paper
investigate the sensitivity of complete sets of polarizat
03460
y
i-
-
of

a-
,

he
n

m

na-
at
-
rix
r
le
n
e

n

transfer observables to reductions of the meson masses
meson-nucleon coupling constants varying from 0% to 20
the vertically hatched and dotted bands in Figs. 5–7 r
resent the sensitivity of a particular spin observable to
ductions of coupling constants and meson masses ran
from 0% to 20% for both FR-DWIA and ZR-DWIA models
respectively.

For the knockout from all three states, we see thatAy , P,
and Ds8s are very sensitive to reductions in the meso
coupling constants and meson masses. On the other hand
spin observablesDs8, and D,8, exhibit minimal sensitivity
to nuclear medium effects. Note that at the point correspo
ing to minimum recoil momentum, the spin observab
Dnn , Ds8, , andD,8, are insensitive to nuclear medium e
fects for 3s1/2 knockout. On the other hand, for both 2d3/2
and 2d5/2 states,Ds8, andD,8, also exhibit minimal sensi-
tivity to nuclear medium corrections at minimum recoil. Th
is also the case forDnn andD,8, for the 2d5/2 state.

VI. SUMMARY AND CONCLUSIONS

In this paper we have exploited the discriminatory natu
of complete sets of polarization transfer observables (P, Ay ,
Dnn , Ds8s , Ds8, , D,8s , and D,8,) for exclusive (pW ,2pW )
reactions to address a number of important physics iss
8-8
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RELATIVISTIC PREDICTIONS OF SPIN . . . PHYSICAL REVIEW C68, 034608 ~2003!
FIG. 6. Polarization transfer observables plotted as a function of the kinetic energyTa8 for the knockout of protons from the 2d3/2 state
in 208Pb, at an incident energy of 202 MeV, and for coincident coplanar scattering angles~28.0°, 254.6°!. The vertically hatched band
represents the sensitivity of a particular FR-DWIA spin observables to a reduction of meson-coupling constants and meson mass
from 0% to 20% of the free values. The dotted band represents the corresponding ZR-DWIA predictions.
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One of our aims was to identify specific observables wh
can yield information on whether the relativistic Dirac equ
tion or the nonrelativistic Schro¨dinger equation is the mor
appropriate dynamical equation for the description of po
ization phenomena within the framework of distorted wa
impulse approximation models. In addition, we also stud
the sensitivity of spin observables to nuclear distortion
fects, finite-range versus zero-range approximations of
relativistic DWIA, as well as to reductions of meson-nucle
coupling constants and meson masses by the surroun
nuclear medium in which the NN interaction occurs. In p
ticular, we focused on proton knockout from the 3s1/2,
2d3/2, and 2d5/2 states in 208Pb, at an incident laborator
kinetic energy of 202 MeV, and for coincident coplanar sc
tering angles~28.0°,254.6°!. The motivation for choosing a
heavy target nucleus208Pb and a relatively low incident en
ergy of 202 MeV is to maximize the influence of distortio
effects as well as maximize differences between FR and
approximations to the relativistic DWIA, while still main
taining the validity of the impulse approximation, and al
avoiding complications associated with the inclusion of
coil corrections in the relativistic Dirac equation. Anoth
important consideration for our choice of reaction kinemat
is the availability of analyzing power data to provide initi
constraints on current distorted wave models. Unfortunat
03460
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there are no published data on other spin observables fo
reaction kinematics of interest.

Previously, we established the clear superiority of relat
istic DWIA models, compared to the nonrelativistic DWI
models, for describing exclusive (pW ,2p) analyzing powers
@12#. In this paper, we identify additional observables whi
display large differences to Dirac- versus Schro¨dinger-
equation-based models and which need to be measure
order to check the consistency of the analyzing power p
dictions regarding the role of different dynamical models.
particular, for knockout from the 3s1/2 state the spin observ
ablesAy , Dnn , andDs8s exhibit large differences betwee
Dirac and Schro¨dinger-based DWIA models. On the othe
hand, for knockout from the 2d3/2 state the most sensitiv
observables to dynamical differences areDnn , D,8s , and
D,8, , whereas for 2d5/2 knockout the corresponding obser
ables areDs8s andD,8s .

Regarding observables that display large differences
tween FR and ZR approximations to the relativistic DWI
we see that for knockout from the 3s1/2 state, the induced
polarizationP is the most sensitive, whereasD,8s andDs8,

are the most sensitive observables for 2d3/2 and 2d5/2 knock-
out, respectively.

We have also established that all polarization transfer
8-9
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G. C. HILLHOUSEet al. PHYSICAL REVIEW C 68, 034608 ~2003!
FIG. 7. Polarization transfer observables plotted as a function of the kinetic energyTa8 for the knockout of protons from the 2d5/2 state
in 208Pb, at an incident energy of 202 MeV, and for coincident coplanar scattering angles~28.0°, 254.6°!. The vertically hatched band
represents the sensitivity of a particular FR-DWIA spin observables to a reduction of meson-coupling constants and meson mass
from 0% to 20% of the free values. The dotted band represents the corresponding ZR-DWIA predictions.
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servables are relatively insensitive to different global Dir
optical potential parameter sets. In addition, by compar
relativistic DWIA predictions to corresponding plane wa
predictions, we also demonstrated the importance of dist
ing potentials for describing the oscillatory behavior of sp
observables, thus refuting, for the first time, qualitative ar
ments that spin observables are insensitive to nuclear di
tion effects.

We have also shown that the analyzing power data al
are unable to establish whether the nuclear medium d
indeed reduce meson-nucleon coupling constants and m
masses: on one hand, the relativistic ZR predictions sug
that the scattering matrix for NN scattering in the nucle
medium is adequately represented by the corresponding
trix for free NN scattering. On the other hand, the relativis
FR results suggest that a 10% to 20% reduction of mes
nucleon coupling constants and meson masses by the nu
medium is essential for providing a consistent description
the 3s1/2, 2d3/2, and 2d5/2 analyzing powers@12#. In this
paper we studied the sensitivity of the other polarizat
transfer observables to reductions in these parameters v
ing between 0% and 20%. For the knockout from all thr
states we see thatAy , P, and Ds8s are very sensitive to
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reductions in the meson-coupling constants and me
masses.

We also established a number of interesting model pre
tions for spin observables at the kinematic point correspo
ing to minimum recoil momentum. For 3s1/2 knockout the
relativistic plane wave, ZR-DWIA, and nonrelativisti
DWIA predictions are virtually identical for the induced po
larization (P), Ds8, , and D,8s ; ZR-DWIA and FR-DWIA
predictions are nearly identical for bothDnn andDs8, . For
knockout from the 2d3/2 state both FR-DWIA and ZR-DWIA
yield similar results forP, Ds8s , andDs8, ; P andDs8s are
insensitive to relativistic nuclear distortion at the point
question. We also observe that for 2d5/2 knockout, relativistic
plane wave, FR-DWIA, and nonrelativistic DWIA predic
tions are virtually identical forDs8, andD,8s . Regarding the
influence of nuclear medium effects, the spin observab
Dnn , Ds8, , andD,8, are insensitive for 3s1/2 knockout. On
the other hand, for the 2d3/2 and 2d5/2 states,Ds8, andD,8,
also exhibit minimal sensitivity to nuclear medium corre
tions at minimum recoil. This is also the case forDnn and
D,8, for the 2d5/2 state. Hence, by measuring spin obse
ables at minimum recoil momentum one can eliminate d
ferences between different dynamical models and model
rameters and focus on a specific issue of interest.
8-10
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RELATIVISTIC PREDICTIONS OF SPIN . . . PHYSICAL REVIEW C68, 034608 ~2003!
Once again, we stress the urgent need for experime
data on polarization observables, in addition to the co
monly measured analyzing power, in order to resolve iss
concerning the role of relativistic versus nonrelativistic d
namics in nuclear physics, as well as study the influence
the nuclear medium on the strong interaction. Indeed, s
experiments are being planned at the Research Cente
Nuclear Physics in Osaka, Japan.
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