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Relativistic calculations of induced polarization in 12C„e,e8p¢ … reactions

J. I. Johansson and H. S. Sherif
Department of Physics, University of Alberta Edmonton, Alberta, Canada T6G 2J1

~Received 4 December 1998!

Relativistic calculations of the induced proton polarization in quasifree electron scattering on12C are pre-
sented. Good agreement with the experimental data of Wooet al. is obtained. The relativistic calculations yield
a somewhat better description of the data than the nonrelativistic ones. Differences between the two approaches
are more pronounced at larger missing momenta suggesting further experimental work in this region.
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PACS number~s!: 24.10.Jv, 24.50.1g, 25.30.Fj
in

oo
re

us
is
in

e
al
vi
n

n

s
ck
-
ul
ta

dl
b

ta
tiv

itiv

re
, o
n

e
o-

al

a

-
di
s

ith

ne

e

he
ght

c-
us

d

he

lec-

g

A measurement of induced proton polarization

the 12C(e,e8pW ) reaction has been reported recently by W
et al. @1#. The data explore the low missing momentum
gion from 0 to 250 MeV/c in constantq-v kinematics. The
data were compared to nonrelativistic DWIA calculations
ing the effective momentum approximation. Momentum d
tributions used in these calculations were obtained by fitt
the 12C(e,e8p) data of van der Steenhovenet al. @2#. The
final state interactions of the outgoing proton were includ
using nonrelativistic optical potentials. Two such potenti
were compared, one obtained by a reduction of the relati
tic potentials of Cooperet al. @3#, and the other based on a
empirical effective interaction~EEI!. Both models provide
reasonable agreement with the data, with a slight prefere
for the EEI model when a proton is removed from the 1p3/2
shell. The results from both nonrelativistic models pa
through the lowest missing momentum point for the kno
out of a 1p3/2 proton. The change in polarization with in
creasing missing momentum is reproduced, but the calc
tions tend to fall below the data at higher missing momen
The calculations predict that the polarization should rapi
become negative as the missing momentum is increased
yond 220 MeV/c.

For the set of data attributed to knockout of a 1s1/2 proton,
the nonrelativistic calculations follow the trend of the da
for small missing momenta, but become large and nega
for missing momenta beyond 150 MeV/c. The data, on the
other hand, seem to indicate a polarization becoming pos
at these larger values of missing momenta.

There also exist relativistic calculations for the same
action, which have primarily considered the cross section
equivalently, the single-particle momentum distributio
These calculations have mainly been reported by Udiaset al.
@4,5#, Jin and Onley@6#, and Hedayatipooret al. @7#. Rela-
tivistic calculations of proton polarization for th
reaction16O(e,e8pW ), have been reported previously by J
hansson and Sherif@8#.

In the present paper we compare our full relativistic c
culations to the new data presented in Ref.@1#. We also point
out differences between the results of the current model
those discussed in Ref.@1#.

In the following text we outline the relativistic calcula
tions for the quasifree electron scattering reaction, and
cuss how the proton polarization is calculated. The result
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our relativistic calculations are then presented along w
discussion of the data and calculations of Wooet al.

The relativistic calculations of the amplitude, in the o
photon exchange model for the (e,e8p) process, are dis-
cussed in Refs.@7,9#. The main results are given briefly her
in the notation of Johansson and Sherif@9#. ~Note that we use
the de Forest prescriptioncc2, as discussed in Ref.@7#.! We
do not include Coulomb distortion in the leptonic part of t
amplitude as this is not expected to be important for the li
nucleus considered here@10,11#.

The relativistic expression for the differential cross se
tion leading to a specific final state of the residual nucle
can be written as
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mMBn fn i

uen fn i

b Nb
mMBu2,

~1!

wheren i andn f are the spin projections of the incoming an
outgoing electrons, respectively, whileMB and m are the
spin projections of the bound and continuum protons. T
four-momenta of the initial and final electrons arepi andpf ,
respectively, while the final proton four-momentum ispp .
The four-momentum of the exchanged photon isq and is
calculated as the difference between the initial and final e
tron four-momentaq5pi2pf . The four-momentum of the
recoil nucleus ispR , and the initial four-momentum of the
struck proton, denotedpm , is often referred to as the missin
momentum. The recoil factorR is given in any frame by@12#

R512
Ep

ER

1

uppu2
pp•pR . ~2!

The matrix elementNb
mMB which involves nuclear wave

functions, can be written in the form
3481 ©1999 The American Physical Society
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Nb
mMB5E d3xCm

† ~pp ,x!GbCJB ,MB
~x!exp~ iq•x!, ~3!

where the wave functions of the continuum and bound nu
ons, denotedCm andCJB ,MB

, respectively, are solutions o
the Dirac equation containing appropriate potentials@13#.
The 434 matrix Gb , operating on the nucleon spinors, a
the four-vector which comes from the electron vertex,en fn i

b

in Eq. ~1!, are given in detail in Eqs.~2.8! and ~2.9! of Ref.
@7#.

We define a matrix element which is a function of t
spin projections of the initial and final particles by the re
tion

Tn fn i

mMB5en fn i

b Nb
mMB , ~4!

where summation overb is implied. The polarization of the
proton along they axis can then be written as

Py522

Im (
MBn fn i

Tn fn i

1/2MB@Tn fn i

21/2MB#*

(
mMBn fn i

uTn fn i

mMBu2

. ~5!

We utilize kinematics in which the incident electron mome
tum defines thez axis, and the final electron momentum lie
in thex-z plane withfe50°, while the final proton momen
tum hasfp5180°. This means that the polarization whic
we calculate is the negative of the polarization reported
Woo et al.We multiply our calculated polarizationPy by the
factor (21) to conform with the sign convention of Wo
et al.

The present relativistic calculations use bound state w
functions generated using the Hartree potentials of Blun
and Iqbal @14#. We also use a bound state wave functi
generated using phenomenological Woods-Saxon poten
in order to test the sensitivity of the results to changes in
description of the bound state. The proton optical potent
are taken from Cooperet al. @3#. There are several sets o
optical potentials available, some of which are energy dep
dent (E-dep! and constructed from a fit to data for a speci
nucleus, such as12C, 16O, and 40Ca, in the proton kinetic
energy range of;25 MeV to 1 GeV. Other potentials ar
parametrized in terms of target mass as well as proton en
(E1A-dep! and can be used to generate potentials for wh
no proton elastic scattering data exist. We shall perform
culations using both types of potentials.

Our results are compared in Fig. 1 with the nonrelativis
EEI calculations of Ref.@1#. The values ofq andv used in
the nonrelativistic calculations were provided to us by Ke
@15#. Our values ofq andv are consistent with those used
the nonrelativistic calculations if we ignore the electr
mass. For the 1p3/2 case, Fig. 1~a!, the relativistic calcula-
tions provide a slight improvement over the nonrelativis
results. This is true for both types of optical potentials us
in the relativistic calculations. We note that the differenc
between relativistic and nonrelativistic calculations are
centuated at higher missing momenta. There are also di
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ences at very smallpm , with the relativistic model providing
a 10% smaller polarization at missing momenta arou
20 MeV/c.

The calculations for 1s1/2 proton knockout are shown in
Fig. 1~b!. It is more evident in this case that the relativist
calculations provide better agreement with the data, part
larly at large missing momenta.~They are also better than th
nonrelativistic calculations using the EDAIC potential r
ported in Ref.@1#, but not shown here.! The most prominent
feature here is that the nonrelativistic calculations with
EEI potential produce a large negative polarization in
region pm5250–300 MeV/c. The EDAIC potential pro-
duces a shallower minimum in the same region. By contr
the relativistic calculations indicate that the minimum wou
be at missing momenta larger than 300 MeV/c. Because of
the large size of the error bars for the data points at

FIG. 1. Polarization of the knocked-out proton in th
12C(e,e8pW )11B reaction. The energy of the incident electron is 5
MeV, with constantq-v kinematics. The Hartree bound state wa
functions are from Ref.@14# while the proton optical potentials ar
from Ref. @3#. ~a! Knockout of a 1p3/2 proton. ~b! Knockout of a
1s1/2 proton. Solid curves — Hartree binding potential andE-dep
optical potential for12C. Dashed curves — Woods-Saxon bindin
potential andE-dep optical potential for12C. Dotted curves — Har-
tree binding potential andE1A-dep optical potential, fit 1. Dot-
dashed curves — EEI calculations from Ref.@1#. The data are from
Ref. @1#. Closed circles denote missing energy in the range
,Em,39 MeV, and open circles denote missing energy in
range 39,Em,50 MeV.
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largest missing momenta, the behavior of the polarizatio
not well constrained in this region, but the relativistic calc
lations seem to be following the trend of the data somew
better than the results of the nonrelativistic model.

Sensitivity to changes in the binding potentials has b
examined by performing calculations using both Dirac H
tree and Woods-Saxon binding potentials. The Hartree
tentials result in a binding energy that is slightly smaller th
the experimental value. The Woods-Saxon potentials re
duce the experimental binding energy and also provide
rms radius for the bound state that is within one percen
that found from the Hartree potentials. We find little diffe
ence between the two binding potentials for the region
missing momenta considered in the present study. This
curs because the momentum-space wave functions for t
bound states are very similar in the low momentum reg
explored in these kinematics.
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We stress that the issue here is not one of final state
teractions, since we are using the same potentials use
Woo et al.The issue is the difference between results aris
in the relativistic and nonrelativistic treatments of these
actions. We have thus shown that the relativistic calculati
appear capable of achieving better agreement with
nucleon polarization data than the nonrelativistic ones. T
is consistent with observations made earlier in polariz
nucleon scattering experiments. We also note a hint of la
differences between the two calculations at large miss
momenta. This suggests the advisability of pushing the m
surements further into the high missing momentum region
is expected that such measurements would strongly test
models and also clarify the role, if any, of two body curren
in these reactions.
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