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Relativistic nuclear structure effects in „e,e8p¢ …
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Results for recoil nucleon induced polarization for (e,e8pW ) are presented using various approximations for
the relativistic nucleonic current, at the kinematics of a recent experiment at Bates. We see that the dynamical
relativistic effects improve the agreement with the data. We make predictions for the induced normal polar-
ization and responses for TJNAF 89-033 and Mainz A1/2-93 experiments.

PACS number~s!: 25.30.Fj, 25.30.Rw, 24.10.2i, 21.60.Cs
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I. INTRODUCTION

Several experiments have been proposed or have
carried out to measure the polarization of the ejected nuc
in (e,e8pW ) reactions@1–3#. In this way, new sets of polar
ization response functions can be isolated@4–7#.

If we write the cross section for the coincidence (e,e8pW )
reaction in terms of recoil nucleon polarization depend
and independent terms, we have@4,6,7#

d3ss

deedVedV8
5

s0

2
@11PW •sW #, ~1!

whereee is the scattered electron energy,s0 is the unpolar-
ized cross section,s denotes the nucleon spin projectio
upon sW , and PW is the induced polarization. Each of the
observables can be written in terms of response funct
that are bilinear combinations of the nuclear electromagn
current operator@4,5,7#. If the electron beam is unpolarize
and the experiment is performed in coplanar kinema
(f850,p), the relationship between the nuclear respon
and the cross section is given by

d3ss

deedVedV8
5

E8uPW 8u

2~2p3!
F ds

dVe
G

Mott

$VL~RL1RL
nŜn!1VT~RT

1RT
nŜn!1cosf8VTL~RTL1RTL

n Ŝn!

1cos2f8VTT~RTT1RTT
n Ŝn!%. ~2!

The kinematical factors areVL5l2, VT5l/21tan2ue/2,
VTT5l/2, VTL5lAl1tan2 ue/2, and l512(v/uqW u)2

wherev andqW are the energy and momentum transfer in
reaction,ue is the electron scattering angle, andE8, uPW 8u are
the energy and momentum of the ejected nucleon. Hence
coplanar kinematics, i.e., when the ejected nucleon
within the electron scattering planePW , the net ejectile polar-
ization for an unpolarized beam or induced polarizat
(Pn), is normal to the scattering plane. In the one-pho
exchange approximationPn is zero when no final state inter
actions~FSI! between the ejected nucleon and the resid
system are considered@4,5,7#. Thus,Pn is an observable wel
suited to study FSI effects in nuclear systems and meas
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ments ofPn at differentQ2 would give information about the
onset of nuclear transparency. If nuclear transparency
present at certainQ2 value, that is, if FSI effects are
quenched, we would see a decrease ofPn what would be a
clear signature of nuclear transparency free from the am
guities on the occupancies of the shells under study@9#.

The first analysis of the experiment performed at Bates

Woo et al. that measuredPn in 12C(e,e8pW ) @1# was made in
a nonrelativistic framework. Other nonrelativistic results f
this experiment were recently presented in Ref.@8#. The non-

relativistic approach to (e,e8pW ) is based on the impulse ap
proximation, i.e., assuming the one-photon exchange pic
in which the single photon interacts only with the nucle
that is detected@4#. If no FSI are considered, the ejecte
nucleon is described by a plane wave~plane wave impulse
approximation or PWIA!. FSI are taken into account usin
potentials that distort the final nucleon wave function~dis-
torted wave impulse approximation or DWIA! @4#. The non-
relativistic analyses found a a systematic underestimation
Pn of around 10% at best@1#.

There are two main sources of an induced nonzero nor
polarization in proton knockout reactions caused by the
teraction with the residual nucleus in the final state. One
due to the absorption, that is, the flux lost into inelastic ch
nels, parameterized in the imaginary part of the optical
tential. Semiclassically, for scattering on a given side ofqW ,
ejecting a nucleon from the front or the rear face of t
nucleus would select out different directions of the angu
momentumlW5rW3pW and, as the absorption depends on h
much the nucleon travels in the nuclear medium before be
detected, the effect is a net induced polarization due to
sorption. This is well known from hadronic reactions and
named as the Maris effect or Newns polarization@10#. It is,
however, a small source ofPn @1#. The bulk of the induced
polarization is primarily due to the real part of the spin-or
potential, that parametrizes the explicitly spin-depend
terms in the optical potential@1#.

Since the spin is a property intrinsically related to relat
ity, one maya priori consider that a relativistic approach
better suited to describe nucleon polarization observables
recent years, the relativistic mean-field approximation h
been successfully used for the analyses of (e,e8p) reactions
in the so-called relativistic distorted wave impulse appro
©2000 The American Physical Society02-1
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J. M. UDÍAS AND JAVIER R. VIGNOTE PHYSICAL REVIEW C62 034302
mation~RDWIA! @11–15#. The polarization degrees of free
dom for the electron and the ejected nucleon have been
cluded in this formalism years ago@7#. In RDWIA, the
nucleon current

JN
m~v,qW !5E dpW c̄F~pW 1qW !ĴN

m~v,qW !cB~pW ! ~3!

is calculated with relativisticcB andcF wave functions for
initial bound and final outgoing nucleons, respectively.ĴN

m is
the relativistic nucleon current operator ofcc1 or cc2 forms
@16#. As bound state wave function, Dirac-Hartree solutio
from relativistic Lagrangian with scalar and vector~SV! me-
son terms@17# or solutions of Dirac equation with phenom
enological Woods-Saxon wells are customarily used. T
wave function with asymptotic momentumPW 8 for the outgo-
ing proton is a solution of the Dirac equation containing S
optical potentials. Recently a relativistic calculation ofPn
following those general lines has appeared@18#. In Ref. @18#
it was found that the agreement with the data improv
slightly compared to the nonrelativistic analyses of Ref.@1#.
However, relativistic effects for this improvement remain
unspecified in Ref.@18#.

Some of the differences between the relativistic and n
relativistic approaches are independent of the dynamics,
ing to do with the proper~relativistic! kinematics being taken
into account. Also, the nonrelativistic operators are norma
obtained from an expansion and truncation in powers ofp/M
and sometimes also ofq/M and v/M . When the momenta
and energy involved in the reaction are of the order of
nucleon mass, as it may be the case for (e,e8pW ) reactions,
one must be very careful with the behavior of the expan
and truncated operator. In Ref.@19# different nonrelativistic
expansions were studied and new expressions that comp
better with the unexpanded result were deduced. In Ref.@8#
improved nonrelativistic operators were used, particula
with the inclusion of the extra spin-orbit term in the char
density operator as described in reference@19#. This term
proves to be necessary to reproduce at least qualitati
@15,20# the features seen in theRTL response andTL asym-
metry

ATL5
s~f85p!2s~f850!

s~f850!1s~f85p!
,

as measured in a recent TJNAF experiment atQ2.0.8
(GeV/c)2 @21#.

The nonrelativistic approach can be better compared
the relativistic one thinking in terms of the direct Pauli r
duction@13#. Starting from a nonrelativistic formalism base
on bispinorsx solutions of a Schro¨dinger-like equation, one
may at best construct properly normalized four-spinors of
form

cNR5
1

AN
S x~pW !,

sW •pW

E1M
x~pW ! D ~4!
03430
in-

s

e

d

-
v-

y

e

d

red

y

ly

to

e

to be introduced in Eq.~3! in order to calculate a relativisti
clike nucleon current matrix element. In this way the relat
istic kinematics is fully taken into account and no expansio
in p/M are needed. One further step torelativize the calcu-
lations is done by rewriting the Dirac equation for the upp
component as a Schro¨dinger-like equation and introducin
its nonrelativisticbispinor solutionx in Eq. ~4!. This ‘‘non-
relativistic’’ bispinor is phase shift and energy eigenval
equivalent to the relativistic solution@13,22,25–27#. Com-
paring this solution of the Schro¨dinger-like equation to the
upper component of the fully relativistic wave functions, o
finds an additional factor~i! so that the upper component o
the full Dirac solution is quenched in the nuclear interi
compared to the nonrelativistic solution@13,22,25,27#. This
quenching can be associated to the Darwin factor@28# that
appears from an extra term linear inpW that must be dealt with
to obtain the Schro¨dinger-like equation and that is no
present in the usual nonrelativistic treatment.

One can then build a nonrelativistic formalism based
the Schro¨dinger-like equation, with central and spin-orbit p
tentials that are phase shift equivalent to the relativistic
tentials, incorporatinga posteriori the Darwin term in order
to recover exactly the same upper component as in RDW
and, by means of Eq.~4!, avoid the expansions inp/M . This
formalism would incorporate all the kinematical an
operator-related relativistic effects, as well as the dynam
quenching of the relativistic upper components due to
Darwin term.

This is done for instance by Kelly in several works@29#
though with an additional approximation, the effective m
mentum approach~EMA! for the lower components. This
amounts to approximate thesW •pW term that appears for the
lower components in Eq.~4!

S x~pW ! lower5
sW •pW

E1M
x~pW !upperD

by sW •pW as , with pW as the momentum corresponding to th
asymptotic kinematics at the nucleon vertex. Results
tained within this approximation both with relativistic an
nonrelativistic potentials were compared to experiment
Ref. @1#.

The differences between the calculations of Ref.@18# and
those presented in Ref.@1# can be either due to the EMA
procedure, or to an additional dynamical relativistic effe
different from the Darwin term, namely the enhancement
the lower components~ii !: The lower components of the
fully relativistic solutions are enhanced at the nuclear inter
due to the presence of negative energy compone
@13,30,40#. Solving the Dirac equation with scalar and vect
potentials we see that the lower components are related to
upper ones by

x~pW ! lower5
sW •pW

E1M1S2V
x~pW !upper. ~5!
2-2
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RELATIVISTIC NUCLEAR STRUCTURE EFFECTS IN (e,e8pW ) PHYSICAL REVIEW C 62 034302
Comparing with Eq.~4!, we see that the lower compo
nents are enhanced with respect to the ones of free pos
energy spinors by a factor

A21~r !5
E1M

E1M1S~r !2V~r !

~we recall S,0, V.0, and A21(r ) is .2 at the nuclear
interior for the usual values of the potentials!. A21(r ) equals
the inverse of the Darwin factor squared. This enhancem
of the lower components with regard to free spinors has b
sometimes referred asspinor distortion@29#.

As one can see from Eqs.~4! and~5!, for small values of
the momentumpW the lower components would play a mino
role with respect to the upper ones, due to the factorpW /(E
1M ). In this low-p region (p,300 MeV!, the enhancemen
of the lower components is not important for the (e,e8p)
cross sections@13# and the most visible difference betwee
RDWIA and nonrelativistic~kinematically corrected! DWIA
results is caused by the effect mentioned above in point~i!,
namely, the Darwin term. Due to dynamical effects, relat
istic cross sections at low-p are smaller than the nonrelativ
istic ones and RDWIA-deduced spectroscopic factors fr
the low-p data are 10 to 15 % higher than the nonrelativis
ones@11,12#. With increasingp, however, the lower compo
nents cease to be small and their enhancement, present
fully relativistic wave functions but not in Eq.~4! or in simi-
lar nonrelativistic expressions, increases the cross sectio
p.300 MeV/c, compared to the nonrelativistic ones. Th
improves sizeably the agreement with the data of
RDWIA (e,e8p) cross sections@14,15#. In short, in regions
where the momenta of the bound and/or final nucleon
comparable to the nucleon mass, the RDWIA cross sect
arelarger than the nonrelativistic DWIA ones, in spite of th
Darwin factor that in these kinematical regions would pla
minor role. The more visible dynamical effect in high-p re-
gions would be the one mentioned in paragraph~ii ! that is,
the enhancement of the lower components. This enha
ment is crucial to obtain good agreement@15,20# with the
recent data forRTL response andATL in 16O taken at TJNAF
for Q2.0.8 (GeV/c)2 @20,21#.

To compare with nonrelativistic calculations, one c
project the negative energy sector out of the fully relativis
solutions, thus removing the enhancement of the lower c
ponents described in paragraph~ii !. More specifically, if the
negative-energy components are projected out, the nuc
current is calculated as

Jproj
m ~v,qW !5E dpW c̄F

(1)~pW 1qW !Ĵm~v,qW !cB
(1)~pW !, ~6!

wherecB
(1) (cF

(1)) is the positive-energy component ofcB

(cF), i.e., cB
(1)(pW )5L (1)(pW )cB(pW ), L (1)(pW )5(M1p”̄ )/

2M , with p̄m5(ApW 21M2,pW ) ~similarly for cF
(1)). That is,

the matrix element of the current is computed in a trunca
space with only positive energy spinors without enhan
ment of the lower components. This truncation is inheren
all nonrelativistic calculations. The dynamical enhancem
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of the lower components is contained in the current of E
~3! but not in Eq.~6!. Apart from kinematical effects, the
matrix elements obtained with the prescription of Eq.~6! are
equivalent to the ones computed in nonrelativistic a
proaches based upon either the Foldy-Wouthuysen reduc
@6,31# or the direct Pauli reduction@13,32#.

The EMA approach~or more properly the EMA-noSV
one where, as we have said, no spinor distortion is con
ered@29#! also removes the enhancement of the lower co
ponents but it is not completely equivalent to the exact p
jection method. Indeed, it is equivalent to neglecting thep
dependence of the projection operators in Eq.~6!, using in-
stead the asymptotic values of the momenta at the nuc
vertex. We can say that the EMA-noSV approach compu
the matrix element with spinors that have the same struc
as the ones that enter in the scattering of free nucleons,
cause it enforces the relationship between upper and lo

FIG. 1. Pn from 12C for the 1p3/2 ~upper panel! and 1s1/2 ~lower
panel! orbits, versus missing momentumpm in MeV/c. Results
shown correspond to a fully relativistic calculation with thecc1
~solid! andcc2 ~dotted! operators. Also shown are the results aft
projecting the bound and scattered proton wave functions o
positive-energy states~short-dashed and long-dashed lines, resp
tively!. Data points are from Ref.@1#.
2-3
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J. M. UDÍAS AND JAVIER R. VIGNOTE PHYSICAL REVIEW C62 034302
components to be driven by the asymptotic value of the m
menta at the nucleon vertex. The EMA-noSV calculati
lacks any ‘‘spinor distortion,’’ exactly as in the scattering
free nucleons. In particular, the Gordon transformation is
act for the EMA-noSV approach andcc1 andcc2 operators
would lead to identical results within EMA-noSV, if th
same choices for the off-shell values ofv, E, E8, PW , andPW 8
are made in both cases.

The projected results, on the other hand, though lack
the large~around a factor of 2! enhancement of the lowe
components seen in the fully relativistic calculation, a
based on spinors whose upper/lower components verify
~4! but with a wider value of momenta than in scatteri
from free nucleons. Thus, even projected~nonrelativistic! re-
sults can have a certain degree of spinor distortion comp
to the free case due to the dispersion by the nuclear po
tials.

FIG. 2. Pn from 12C for the 1p3/2 ~upper panel! and 1s1/2 ~lower
panel! orbits, versus missing momentumpm in MeV/c. Results
shown correspond to a fully relativistic calculation with thecc1 and
the EDAI-C ~solid!, and the EDAD1~dash-dotted! potentials. Also
shown are the EMA results~dotted line! for the EDAI-C case.
Former EMA-EEI results~dashed line! and data points are from
Ref. @1#.
03430
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We must keep in mind that both projected and EM
noSV results still incorporate the dynamical quenching of
upper components~Darwin term! and, if they are to be com
pared with nonrelativistic calculations, care must be taken
the Darwin term in the nonrelativistic result. Relativistic o
tical potentials normally give rise to increased absorpt
and stronger spin-orbit potentials. Due to this, it is expec
that they would also lead to a stronger induced normal
larization.

We want to emphasize that the possible differences w
the former EMA-noSV analyses of Wooet al. @1# are not due
to the use of a relativistic optical potential. In both Refs.@1#
and @18#, results were presented with the same poten
EDAI-C that we use in the present work. The Darwin ter
~leading to increased absorption! was also included in a simi
lar way to us. Thus, if there are differences between
results and those of Ref.@1#, they must be due to relativistic
effects additional to the Darwin term and different from t
fact that the optical potential is relativistic or not.

II. RESULTS

For the bound state wave functions we use the parame
of the set NL3@33# that reproduces adequately the know
momentum distributions at low-p @34#. We have also com-
puted results with other bound state wave functions a
found the effects inPn to be very small up top<250
MeV/c. For the scattered proton wave function, we use
energy-dependentA-independent potentials derived by Cla
et al. for 12C ~EDAI-C! and 16O ~EDAI-O! @35#. To study

FIG. 3. Pn from 16O for the 1p1/2 ~upper panel!, 1p3/2 ~middle
panel!, and 1s1/2 ~lower panel! orbits, versus missing momentum
pm in MeV/c. Results shown correspond to a fully relativistic ca
culation with thecc1 ~solid line! and cc2 ~dotted line! operators.
Also shown are the projected results~short- and long-dashed lines!
and the EMA-cc1 ones~dash-dotted line!. Results in parallel kine-
matics corresponding to Ref.@3# and the EDAI-O potential is used
2-4
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FIG. 4. Response functions corresponding
the kinematics of Fig. 3.
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the sensitivity to different optical potentials, we also co
pute results with the energy-dependentA-dependent param
etrization 1~EDAD-1! of Ref. @35#.

A. Comparison with former results from Bates

In Fig. 1, Pn is presented against the momentum of t
recoiling residual nucleus ormissing momentum pm , related
to the momentum of the nucleon inside the target nucl
before being knocked out@4#. The results are computed fo
the kinematics of Ref.@1#, namely, beam energy of 58
MeV, kinetic energy of the final nucleon of 270 MeV,uqW u
.760 MeV/c, v.290 MeV in q-v constant kinematics
with Q2.0.5 (GeV/c)2. We use the Coulomb gauge in a
the cases. We included the Coulomb distortion of the e
tron wave function and found its effect inPn to be small.
With solid ~dotted! lines we present the fully relativistic re
sults obtained with thecc1 (cc2) operator. We also show
results after projecting out the negative energy compon
~short-dashed lines forcc1, long-dashed lines forcc2).

We see that for the fully relativistic results, the agreem
with the data is excellent in both shells, except perhaps
the highestpm and missing energy data points in thes1/2
shell, where the contribution from continuum states not c
sidered in the present work begins to be important. Look
at the projected results, we see that the removal of the n
03430
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tive energy components worsens the agreement with the
for both thecc1 andcc2 operators. In all casesPn is smaller
~less positive or more negative! for the projected calcula-
tions. We also see that the Gordon ambiguities, i.e., the
ferences betweencc1 and cc2 results, are rather smal
Compared to the theoretical results of Ref.@1#, the agreement
with experiment is better for any of the curves presented
Fig. 1. This cannot be due only to the negative energy co
ponents because the effect of projection is rather modes
the results in Fig. 1 show. To disentangle the reasons for
difference in Fig. 2 we show~dotted lines! a calculation ob-
tained with the EDAI-C potential within the EMA-noSV ap
proach with the operatorcc1 ~very similar results are ob
tained with thecc2 operator and are not shown here!. As a
guidance, the solid line in Fig. 2 corresponds to the same
of Fig. 1. We see in Fig. 2 that for the EMA-noSV results t
reduction ofPn is noticeable and the agreement with the d
is worse. Our EMA-noSV results are in the line of the on
obtained with the same optical potential EDAI-C in Ref.@1#.
We note that ourcc1 andcc2 results are not identical within
EMA-noSV due to the different off-shell prescription we u
in each case for the values of the kinematical quantities
enter in the evaluation of the current matrix element. Follo
ing Ref. @16# for cc2 we have

̂cc2
m 5F1gm1 i

smnqn

2M
F2 , ~7!
2-5
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with qn5(v,qW ) at the electron vertex. Forcc1 we have

̂cc1
m 5~F11F2!gm2

F2

2M
~P81pm!m, ~8!

with pm5(Ē,pW m), pW m5PW 82qW , E85APW 821M2 ~the final

nucleon is asymptotically on-shell!, and Ē5ApW m
21M2.

Thus,v used in Eq.~7! is different fromv̄5E82Ē as im-
plied in Eq.~8!. If we had usedv̄ in cc2 instead ofv, the
results of ourcc1 andcc2 EMA-noSV calculations would
be identical. At present, there is no definite prescription
handling this off-shell kinematical ambiguity inv, v̄ and
other kinematical variables to be used in the current oper
@23,24#. This ambiguity arises because, contrary to the s
tering of free nucleons, part of the energy and momentum
the exchanged photon is transferred to the recoiling sys
instead of being completely absorbed by the detec
nucleon. We have chosen the original prescription of de F
est of usingĒ in cc1 butv in cc2. We find that, in this way,
off-shell kinematics ambiguity effects and Gordon ambigu
ones reinforce each other so that the differences betwee
cc1 andcc2 results are enhanced by our choice. The EM
noSV results are free from Gordon ambiguities. This is
reason whycc1 andcc2 results obtained in such approa
are much closer than the corresponding ones of the full R
WIA calculations. Kinematical ambiguities will cause diffe
ences of up to 15% between ourcc1 andcc2 EMA-noSV
unpolarized cross-section results for all the cases consid

FIG. 5. Pn from 16O for the 1p1/2 ~upper panel!, 1p3/2 ~middle
panel!, and 1s1/2 ~lower panel! orbits, versus missing momentum
pm in MeV/c. Results shown correspond to a fully relativistic ca
culation with thecc1 ~solid line! and cc2 ~dotted line! operators.
Also shown are the projected results~short and long dashed lines!
and the EMA~noSV!-cc1 ones~dash-dotted line!. Parallel kinemat-
ics suitable at TJNAF@2# and the EDAI-O potential is used.
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in the present work. However, the effect of these ambigui
in the Pn predictions is almost negligible~typically less than
1%!. We have plotted only thecc1 EMA-noSV result for
Pn . Our cc2 EMA-noSV result is almost identical to thi
curve.

Recently, Kelly has incorporated the effect of spinor d
tortion within his EMA approach by including the relativisti
potentials in the lower component of the spinors as in E
~5!, while still substituting thesW •pW term by sW •pW as. This is
called EMA-SV approach in Ref.@29# in contrast to EMA-
noSV. This procedure reintroduces the dynamical enhan
ment of the lower components. For modest values of
momentum~up to around 275 MeV/c), where the role of the
lower components is less relevant, this approximation g
close @39# to the results obtained with the exact treatme
that we do in the present work. It tends, however, to mi
mize the effect of enhancement of the lower compone
beyond the value ofpm mentioned above and, as the mome
tum of the ejected nucleon is normally well above 2
MeV/c, it underestimates the effect of spinor distortion f
the ejected nucleon. We conclude that an important rea
for the differences of our full RDWIA results with those o
Ref. @1#, using the same optical potential EDAI-C, is th
EMA-noSV approach employed in Ref.@1#.

For the purpose of comparison, we present~dash-dotted
line in Fig. 2! results obtained with the same bound sta
wave functions as for the other curves, the full RDWIA a
proach with thecc1 operator but a different optical potentia
namely, the EDAD-1 of Ref.@35#. We emphasize that the
EDAI-C potential should be a more suitable choice th
EDAD-1 for 12C because it describes better the elastic p
ton scattering data for this particular nucleus. The effect
using EDAD-1 instead of EDAI-C is sizable. EDAD-1 yield
a largerPn for the p3/2 shell, worsening the agreement wit
the data and a smallerPn for the s1/2 shell, with no signifi-
cant worse~or better! agreement with the data in this she
We observed that both EDAI-C and EDAD-1 produce
most identical unpolarized cross sections or unpolarized
sponse. However, thePn values they produce are noticeab
different. This shows the sensitivity ofPn to details of the
FSI.

The comparison between the results of both potentials
lows the same general trend as shown in Ref.@18#. In Ref.

TABLE I. Approximated values of the kinematical variable
and the factors in Eq.~2! for the q-v constant experimental setup
discussed in the present work.

TJNAF MAMI Bates

ue 23.4° 48.8° 118.8°
Q2 (GeV/c)2 0.8 0.4 0.5

v ~MeV! 445 215 292

VL 0.643 0.792 0.727
VT 0.444 0.651 3.283
VTL 0.737 0.932 1.642
VTT 0.401 0.445 0.426
2-6
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FIG. 6. Unpolarized responses for the kin
matics of Fig. 1.
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@18#, Pn changes in the same relative direction in going fro
EDAI-C to EDAD-1 as in our calculation but, contrary to ou
case, the differences between the EDAI-C and EDAD-1
larger for the 1s1/2 shell than for the 1p3/2 one and in this
latter shell, their results seem to agree better with experim
for the EDAD-1 potential than for the EDAI-C. We find, i
general, that our results with EDAI-C agree better with t
data. These minor discrepancies with Ref.@18# should be
traced back to the different bound state wave functions
possibly other parts of the formalism~current operator, Cou
lomb distortion! employed in both cases.

In Fig. 2 we also show the EMA-noSV results of Ref.@1#
with the EEI potential~dashed line!. In Ref. @1# a more posi-
tive Pn for the p3/2 shell and better agreement with the da
was obtained with the EEI potential than with the EDAI-
one. For the 1s1/2 shell, however, a more negativePn and
worse agreement with the data was found.

The EMA-noSV-EEI calculation of Ref.@1# underesti-
mated the data by about 10%. The EEI is a nonrelativi
optical potential obtained after folding a density depend
empirical effective interaction with the nuclear density@37#.
The interaction is fitted to proton-nucleus elasticand inelas-
tic scattering data for several states of several targets si
taneously. The relativistic optical potentials, on the oth
hand, are fitted only to elastic scattering data. It is w
known that elastic data can only constrain the asympt
03430
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e

d
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t

ul-
r
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ic

part of the potentials. Given the fact that the nucleus is
most transparent to electrons~compared to nucleons!, phase-
shift equivalent potentials that differ only in the nuclear i
terior would produce the same good fits to elastic pro
scattering observables, leading, however, to different e
tron scattering results. The EEI approach solves this amb
ity by phenomenologically constraining the potentials in t
nuclear interior by means of simultaneous fits to inelas
data. In the relativistic case, on the other hand, the shap
the potentials at the nuclear interior is assumed to be
simple Woods-Saxon1surface terms, not very different from
what one finds in the relativistic mean field approximatio
Thus, the fact that the relativistic model gives a very f
account of (e,e8pW ) observables such asPn cannot be attrib-
uted merely to the incorporation of the right phenomenolo
as it could be the case with the EEI potentials, but to a m
of the model itself.

B. Predictions for Mainz and TJNAF in parallel kinematics

In a recent work@15,20,38#, it has been shown that th
dynamical enhancement of the lower components shows
differently in thej 5 l 21/2 andj 5 l 11/2 spin-orbit partners,
specially for theRTL response and theATL asymmetry. We
remind that for 12C the two shells studied correspond toj
5 l 11/2 spin-orbit partners. New sets of induced polariz
2-7
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FIG. 7. Normal responses for the kinemati
of Fig. 1.
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tion Pn are being obtained at TJNAF@2# in 16O at a more
relativistic kinematics, namely, beam energy of 2450 Me
kinetic energy of the ejected nucleon of about 420 MeV, a
Q2.0.8 (GeV/c)2. There is also a proposal at Mainz@3# to
do similar measurements at a smaller value of the kin
energy of the ejected nucleon, namely 200 MeV. In w
follows, we analyze whether these experiments may prov
signatures of relativistic dynamics inPn similar to the ones
found in RTL andATL .

In parallel kinematics only two responses,RL and RT ,
contribute to the unpolarized cross section and just one,RTL

n ,
to Pn , so that for this kinematics the analyses are simplifi
We present in Fig. 3 fully RDWIA results withcc1 ~solid
line!, cc2 ~dotted line!, projected results~short-dashed lines
for cc1 and long-dashed lines forcc2), and EMA-noSV
results with thecc1 operator~dash-dotted line! for the two
p-shell spin-orbit partners of16O, plus the deeps shell, in
parallel kinematics and with beam energy and transfer
ergy suitable for Mainz@3# ~beam energy of 855 MeV, ki-
netic energy of the ejected nucleon of 200 MeV!.

For the three shells we see the opposite pattern to the
depicted in Fig. 1: the removal of the negative energy co
ponents drives herePn towards higher values, and even mo
so does using the EMA-noSV approach. For the kinema
of Fig. 3, the effect of projection and Gordon ambiguities
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much larger than it was in Fig. 1.
A very characteristic feature is seen in thes1/2 shell for

this case of parallel kinematics: A zero value ofPn is pre-
dicted within the EMA-noSV approach. A small value ofPn
is obtained by the projected calculations, while the f
RDWIA approach yields a relatively large~in absolute value!
Pn due to spinor distortions. The choicecc1, that empha-
sizes the effect of the enhancement of the lower compon
@30#, yields the largest prediction forPn in absolute value.
Should the experiments at TJNAF or Mainz provide us w
Pn values with equal or smaller uncertainty that the on
already measured at Bates, it will undoubtedly disentan
the role played inPn by the enhancement of the lower com
ponents.

The responses involved in the evaluation ofPn for this
case are displayed in Fig. 4. The only nonzero contribut
to Pn comes fromRTL

n and the link between the respons
shown in the bottom panel of Fig. 4 and the results forPn of
Fig. 3 is straightforward. As it could be deduced from t
values ofPn displayed in Fig. 3,RTL

n for thes1/2 shell is zero
within EMA-noSV, it is very small for the projected result
and reaches the largest absolute value for the full RDW
cc1 calculation. The results for thep3/2 shell follow the same
trend as shown for thes1/2 shell, only that here the more
complex spin-orbit structure of the bound state causes a n
zero value ofPn even for the EMA-noSV results. The pro
2-8
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jected and EMA-noSV results display small~in absolute
value! predictions forRTL

n . Thecc2 RDWIA prediction ex-
hibits largerRTL

n , while the full cc1 result yields the larges
value of RTL

n . This gradation ofRTL
n is similar to what one

finds generally for the unpolarizedRTL ~in q-v constant ki-
nematics!: As the cc1 operator enhances the role of th
negative energy components@30# with regards to other
choices of the operator, it produces the largest value ofRTL .
Thus, at least for thej 5 l 11/2 spin orbit partner, we observ
the same behavior forRTL

n andRTL with regards to the effec
of negative energy components.

On the other hand, we find that projection and Gord
ambiguities effects show up differently for thep1/2 shell. For
this caseRL , RT , andRTL

n are shown in the leftermost pan
of Fig. 4 at the same kinematics of Fig. 3. While forRTL

n in
the j 5 l 11/2 shells the larger was the role given to the ne
tive energy components the larger~in absolute value! RTL

n

response was obtained, for thep1/2 shell (j 5 l 21/2) one sees
the opposite behavior: the fullcc1 calculation yields the
smallestRTL

n while the EMA-noSV prediction displays th
largest one. This is at variance with the behavior obser
for the unpolarizedRTL response@38# and indicates an inter
ference between positive and negative energy compo
contributions toRTL

n . This interference is constructive for th
j 5 l 11/2 shells so that the calculations with large contrib
tion from negative energy components yield a largeRTL

n ,
while it is largely destructive for thej 5 l 21/2 shells for

FIG. 8. Pn from 16O for the 1p1/2 ~upper panel!, 1p3/2 ~middle
panel!, and 1s1/2 ~lower panel! orbits, versus missing momentum
pm in MeV/c. Results shown correspond to a fully relativistic ca
culation with thecc1 ~solid line! and cc2 ~dotted line! operators.
Also shown are the projected results~short and long dashed lines!
and the EMA~noSV!-cc1 ones~dash-dotted line!. Results inq-v
constant kinematics corresponding to Ref.@2# and the EDAI-O po-
tential is used.
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which large effects of negative energy components trans
into small values ofRTL

n .
In Ref. @36# results were presented for the EMA-noS

case within the IA and also in a calculation beyond IA th
included channel coupling to several configurations in
final state. Our EMA-noSV result of Fig. 4 and the on
shown in Fig. 14 of Ref.@36# are very similar, with small
differences due to the different wave functions and opti
potentials. The most interesting outcome of this compari
is that the effect of spinor distortion increasesRTL

n , in par-
ticular for the case of thes1/2 shell that would have a zero
value without spinor distortion within IA. Due to channe
coupling ~CC!, a nonzeroRTL

n for this shell was obtained in
Ref. @36#. The effect of spinor distortion, however, is at lea
twice to four times~depending on whether one considers t
RDWIA cc2 or cc1 result! larger than the one of CC show
in Ref. @36#. We conclude that coupled channel contributio
would not mask the large negative value ofPn caused by
spinor distortion. TheRTL

n response in thiss1/2 shell is sen-
sitive to Gordon ambiguities and overall constitutes a v
clear signature for the presence of negative energy com
nents in the nucleon wave function.

For the other shells, the effects of CC shown in Ref.@36#
were small at moderate values ofpm for the cases we studie
in the present work and the IA results shown here should
change much if CC effects were considered. Still in para
kinematics but with a larger value ofQ2 that is suitable at
TJNAF, we have obtained very similar results to the on
just presented. We plot in Fig. 5 only the results forPn .

C. q-v constant kinematics

The experiment of Bates was performed inq-v constant
kinematics and in the same side ofqW for the scattered proton
f85p, which corresponds topm.0 in our figures. The
analysis of this case is more complicated because all
eight responses of Eq.~2!, in combination with the factors
shown in Table I, contribute to the cross section andPn . In
Figs. 6 and 7 we present the responses for the Bates re
depicted in Fig. 1. The effect of spinor distortion and Gord
ambiguities in theRL , RT , RTL, andRTT has been studied
previously in the context of RPWIA@30,38#. It was found
there that for thej 5 l 11/2 partners, as it is the case of th
two shells in12C, the differences are relatively small, at lea
for the ‘‘large’’ responsesRL andRT .

For the normal responses the situation is less clear.
must remember that unpolarized and normal responses s
the same structure in terms of components of the hadro
current, differing only in the signs with which the contribu
tion for every value of ejected nucleon spin projection up
the normal direction enters into the unpolarized or norm
responses@5,7#. Thus, large unpolarized responses usua
come from constructive interference of the two spin con
butions and are associated with a correspondingly small
mal response coming from destructive interference. The c
verse is also true: small unpolarized responses hav
correspondingly large polarized normal response@7#. If there
were no FSI, both normal projection contributions~spin up
and spin down! would be identical, all the responses show
2-9
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FIG. 9. Unpolarized responses for the kin
matics of Fig. 8. The responseRTT is not plotted,
because it is much smaller than the ones show
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in Fig. 7 would vanish and no normal polarization would
observed.

Taking into account the value of the kinematical factors
front of each response~see Table I!, the main contributions
to Pn for thes1/2 shell comes fromRT

n andRTL
n responses. In

the case of the full RDWIA results, theRTL
n response is re-

sponsible for most of the netPn . Due to this,Pn will change
sign withpm because of the cosf8 factor in Eq.~2!. We also
see thatRTL

n is larger~in absolute value! for the calculation
with larger effect of the negative energy components, i.e.,
full cc1 result. In Fig. 6 we can see the same feature in
unpolarizedRTL response. This characteristic has been
plained before@20,30,38#. For thep shell, the largest contri-
bution comes fromRT

n that shows little dependence on spin
distortion. This is why the effect of negative energy comp
nents is small for this shell.

We plot alsoPn and responses~Figs. 8, 9, and 10! for a
kinematics suitable at TJNAF~namely uqW u51000 MeV/c,
v5445 MeV and energy of the beame52445 MeV!. Apart
from what has been already said, we find that for thep3/2
shell andpm,0 there are small Gordon ambiguities and
very clear separation of the fully RDWIA results from th
projected or EMA-noSV ones is seen. Therefore, this i
good region to look for the effects of spinor distortion. W
can explain this better by looking at the results in the sec
column of Fig. 10. There, all calculations lie very close e
cept forRTL

n . In thep3/2 shell the projected and EMA-noSV
03430
e
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curves group together, while both fully relativistic calcul
tions clearly deviate from the others. Going back toPn in the
second panel of Fig. 8, we observe these differences onl
the regionpm,0, due to the different sign with which th
cosf8RTL

n term contributes in thepm,0 andpm.0 regions.
This behavior is characteristic of the kinematics chosen
TJNAF. Indeed, as we can see in Fig. 11, at different ki
matics conditions such as the ones suitable at Mainz~i.e., q-

v constant kinematics withuqW u5648 MeV/c, v5215 MeV,
ande5855 MeV!, there is not such a clear separation of t
fully relativistic curves from the others in thep3/2 shell for
pm,0 as the one found for the TJNAF kinematics. Anoth
interesting feature that was already found in parallel kin
matics is that, for thej 5 l 11/2 shells,RTL

n has larger values
when the calculation emphasizes the role of negative ene
components while the converse is seen for thep1/2 ( j 5 l
21/2) shell.

For the two p shells at the kinematics of TJNAF an
Mainz, the largest contribution toPn would come from
VTTRTT

n . For the p3/2 shell in thepm,0 region, however,
this contribution is canceled to a large extent by theVTLRTL

n

one. This explains whyPn is mainly negative forpm,0 for
the p3/2 shell. On the other hand, thevTLRTL

n contribution is
less important for thep1/2 shell and practically does not in
fluence the total polarization. ThereforePn for this shell is
negative irrespectively of the sign ofpm .
2-10
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FIG. 10. Normal responses for the kinemati
of Fig. 8.
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A serious concern is the issue of current conservat
The use of an optical potential breaks gauge invariance
DWIA. We estimated the uncertainty associated to
choice of gauge by comparing the results we show in
present work with the ones obtained in the Landau gau
We find that the fully relativistic results in perpendicul
kinematics at the highest value ofQ2 are the less sensitiv
ones to this procedure. On the other hand, the unpolar
cross sections can differ by as much as 50% in parallel
nematics for large values ofupmu. However,Pn is much less
sensitive to the choice of gauge than unpolarized cross
tions: For the fully RDWIA results of the present work, u
ing the Landau or Coulomb Gauge producesPn results
within 5%. Gauge ambiguity is much less important than
one due to thecc1 or cc2 choice.

III. CONCLUSIONS

We have found that the relativistic dynamical effect me
tioned in paragraph~ii !, the enhancement of the lower com
ponents, increases noticeablyPn with respect to both the
projected and, more sizeably, the EMA-noSV results, driv
03430
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the fully RDWIA results for Pn into excellent agreemen
with the data of Ref.@1#. For the kinematics of the TJNAF
89-033 @2# and Mainz @3# experiments we find the differ
ences between the RDWIA and projected results to be
portant.

Pn proves to be very sensitive to the choice of optic
potential, allowing this observable to be used to constrain
theoretical model for FSI so that these effects can be
cluded with confidence when making predictions for oth
observables much less sensitive to the choice of FSI, suc
the polarization transfer observablesPx8 andPz8 @29#.

Previous explorations of the role of meson exchange c
rents~MEC! for Bates, based upon a nonrelativistic pictu
showed very little effect inPn at moderatepm @8#. MEC are
expected to play an even minor role for higherQ2 at quasi-
elastic kinematics (x.1) @8# and its inclusion will not
modify substantially the predictions forPn presented in
the present work. The same can be said of coupled cha
effects analyzed within the EMA-noSV approach in Re
@36#. However, Gordon and kinematical off-shellne
ambiguities are large for highQ2 experiments. We have
2-11



ie
th
a
si-
rg

e

for
hat
ith
he
in

m-

o
ri-

are
ra-

ole
nc-

o.

a
lso
-
an-

s o
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looked for kinematical regions where these ambiguit
are minimized. In parallel kinematics, we conclude that
pm,0 region (uqW u.uP8W u) is optimal because it displays
minimum effect of Gordon ambiguities while a high sen
tivity of the calculations to the presence of negative ene

FIG. 11. The same as Fig. 8 except for slightly smaller value
q andP8 as expected at Mainz@3#.
t

se

n

uc

n

n

03430
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components is found. Inq-v constant kinematics the sam
favorable situation is seen again forpm,0 (f850) but only
for the p3/2 shell atuqW u51 GeV/c, adequate to TJNAF.

In parallel kinematics we found very clear signatures
negative energy components in the wave functions, t
causePn to be driven towards more negative values w
respect to the nonrelativistic prediction, particularly for t
s1/2 and p3/2 ( j 5 l 11/2) shells. This feature should rema
even in the presence of MEC and CC.

In q-v constant kinematics the effect of the negative co
ponents is manifested as an increase~decrease! of Pn for
pm.0 (pm,0) of the relativistic predictions with regards t
the nonrelativistic ones. Finally, we hope that future expe
ments will shed light on the theoretical uncertainties that
still present in the calculations such as which current ope
tor should be used and will help to disentangle the r
played by the negative energy components of the wave fu
tions.
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