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The first (~e, e′~p) polarization transfer measurements on
a nucleus heavier than deuterium have been carried out at
Jefferson Laboratory. Transverse and longitudinal compo-
nents of the polarization of protons ejected in the reaction
16O(~e, e′~p ) were measured in quasielastic perpendicular kine-
matics at a Q2 of 0.8 (GeV/c)2. The data are in good agree-
ment with state of the art calculations.

PACS numbers: 13.40.Gp, 24.70.+s, 25.30.Fj, 27.20.+n

Polarization transfer in the (~e, e′~p ) reaction on a pro-
ton target is a direct measure of the ratio of the electric
and magnetic form factors of the proton, GpE/G

p
M . When

such measurements are carried out on a nuclear target,
the polarization transfer observables are sensitive to the
form factor ratio of the proton embedded in the nuclear
medium. Because such experiments involve the measure-
ment of ratios of polarizations at a single kinematic set-
ting, the systematic errors are small, and different from
those in standard Rosenbluth separations.

We report here measurements of polarization transfer
in the 16O(~e, e′~p )15N reaction, the first such measure-
ment on a nucleus heavier than deuterium [1]. The ex-
periment, E89-033 at the Thomas Jefferson National Ac-
celerator Facility (JLab), was part of the commissioning
effort for Hall A [2]. It was the first experiment to use
polarized beam at JLab, and the first to use the focal
plane polarimeter (FPP) mounted on the high-resolution
hadron spectrometer. Comparison of the results with
state of the art calculations lays the groundwork for high
precision tests of changes of the form factors in the nu-
clear medium. The distorted-wave impulse approxima-
tion (DWIA) provides a good description of the reaction,
and the predictions are shown to be insensitive to various
theoretical corrections.

The issue of possible modification of the properties of
hadrons in the nucleus has been attracting experimental
and theoretical attention for some years. It remains un-
settled. Interpretations of inclusive (e, e′) cross-section
measurements in the y-scaling regime suggest that the
radius of the nucleon is changed by less than a few per-
cent at least for values of the four-momentum transfer
squared (Q2) up to about 1 (GeV/c)2 [3]. These measure-
ments are primarily sensitive to the magnetic form factor.
Measurements of the Coulomb sum rule over a similar re-
gion in Q2 indicate that the electric form factor in 3He is
close to its free value [4], and some studies suggest that
this is true in 12C and 56Fe as well [5], but recent work
disputes this conclusion [6]. Attempts to measure the
ratio of electric to magnetic form factors of the nucleon
in nuclei by Rosenbluth separations of cross sections in
(e, e′p) reactions indicated changes of about 25% at low
Q2 [7], but some other experiments and theoretical anal-
yses disagree [8]. Recent theoretical work by the Ade-
laide group based on the quark-meson coupling model
predicted changes in the ratio of the two form factors for

16O of roughly 10% at Q2 around 1 (GeV/c)2 and about
20% or larger at about 2.5 (GeV/c)2 [9]. Changes of this
magnitude have also been suggested previously [10].

For the free nucleon, the polarization transfer can be
written in terms of the form factors as [11]

I0P
′
l =

E + E′

mp

√
τ(1 + τ)G2

M tan2(θ/2)

I0P
′
t = −2

√
τ(1 + τ)GMGE tan(θ/2)

I0 = G2
E + τG2

M [1 + 2(1 + τ) tan2(θ/2)]

τ = Q2/4m2
p,

where E and E′ are the energies of the incident and
scattered electron, θ is the electron scattering angle, and
mp is the proton mass. P ′l and P ′t are the longitudinal
and transverse polarization transfer observables, respec-
tively. The two components of the actual polarization in
the scattering plane [12] are hP ′l , parallel to the proton
momentum, and hP ′t , perpendicular to the proton mo-
mentum; h is the electron beam polarization. The mea-
sured polarizations change sign when the electron helicity
changes sign, so these polarization transfer quantities are
insensitive to instrumental asymmetries in the detectors.

The ratio of the transferred polarizations is then

P ′t
P ′l

=
−2mp

(E + E′) tan(θ/2)
GE
GM

.

For a free proton target, the ratio of polarizations can
be used to determine the ratio of the form factors with
small systematic errors; systematic problems associated
with Rosenbluth separations are eliminated. The ratio is
independent of the beam polarization (assuming it is not
zero) and of the analyzing power of the proton polarime-
ter. One experimental datum requires a coincidence mea-
surement at a single kinematic setting. The systematic
error on the ratio of polarizations in the present experi-
ment is about ±0.022, due almost entirely to uncertainty
in the precession of the proton’s spin in the hadron spec-
trometer. Even smaller errors have been achieved in the
subsequent E93-027 measurements of the free form-factor
ratio on a liquid hydrogen target at a Q2 of 0.79 (GeV/c)2

[13].
For nuclear targets, the polarization transfer observ-

ables depend sensitively on the nucleon form factors, but
they depend also on the nuclear wave functions. In ad-
dition, they may be affected by final-state interactions
of the outgoing proton, meson exchange and isobar cur-
rents, off-shell effects and the distortion of spinors by
strong Lorentz scalar and vector potentials [14–19].

Electrons from the CEBAF acelerator of energy 2.45
GeV and longitudinal polarization about 30% were fo-
cussed on a waterfall target with three foils whose to-
tal thickness was about 0.39 g/cm2. Scattered electrons
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were detected in the focal plane array of the high resolu-
tion electron spectrometer in Hall A at a fixed laboratory
angle of 23.4◦ and a fixed central energy of 2.00 GeV,
the quasielastic peak. Protons with a fixed central mo-
mentum of 973 MeV/c were detected in coincidence with
electrons in the focal plane array of the hadron spectrom-
eter. Measurements in quasi-perpendicular kinematics
were made at proton angles of 53.3◦ (for hydrogen data
only), 55.7◦, and 60.5◦, corresponding to central missing
momenta pm of 0, 85, and 140 MeV/c. Elastic scatter-
ing from hydrogen dominates the spectrum at 53.3◦ and
is visible also at 55.7◦. The missing-mass resolution of
about 1 MeV was sufficient to easily distinguish the p1/2

ground state of 15N from the strongly excited p3/2 state
at 6.32 MeV, but small contributions from nearby weakly
excited states could not be entirely excluded. In the con-
tinuum, a peak corresponding primarily to knockout of
nucleons from the s1/2 shell rises weakly above a (physics)
background presumably related to multi-particle knock-
out.

The JLab focal plane polarimeter (FPP) was designed
and built by a collaboration of Rutgers, William & Mary,
Georgia, Norfolk State, and Regina [20–22]. The po-
larimeter, consisting of four tracking straw chambers and
a graphite analyzer set to a thickness of 22.5 cm for this
experiment, is mounted in the hadron spectrometer be-
hind vertical drift chambers and scintillators in the focal
plane. The analyzing power Ac of the FPP was taken
from the parametrization by McNaughton et al. [23].
Measured values of Ac, obtained by analyzing data from
scattering on hydrogen, have been shown to agree well
with this parameterization [13]. The beam polarization
was measured at varying intervals with a Mott polarime-
ter in the injector beam line. For the 85 MeV/c data
point on 16O, values of the beam polarization determined
from the Mott polarimeter and from the FPP results for
hydrogen are in good agreement, well within the 5% sys-
tematic error assigned to the beam polarization in the
subsequent analysis of the oxygen data. The result for
the ratio µ GE

GM
of hydrogen measured in this experiment

at a Q2 of 0.8 (GeV/c)2 is 0.92±0.05, in agreement with
previous results and with the values subsequently mea-
sured with higher precision [13].

Results for the transverse and longitudinal components
of the polarization at the two central values of the miss-
ing momentum for the two bound states, p1/2 and p3/2,
and for the region of the unbound s1/2 state are shown in
Fig. 1. The missing energy cuts on the latter were about
26 MeV wide. The polarizations are given in the scat-
tering (lab) frame, defined by the incident and outgoing
electron [12,15]. The errors shown are statistical. Sys-
tematic errors on the individual polarizations are about
±6%, primarily due to the uncertainty in the polariza-
tion of the beam. Small acceptance averaging corrections
are included [21], as are the effects of corrections to the

dipole approximation for spin transport of the proton in
the hadron spectrometer [21,22]. Both corrections are
generally less than about 2%. Radiative corrections, ex-
pected to be much smaller than the statistical errors here,
have not been made [24].
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FIG. 1. Measured values of the polarization transfer ob-

servables P ′l and P ′t for the 16O(~e, e′~p)15N reaction at Q2 =
0.8 (GeV/c)2. The theoretical curves represent plane-wave
calculations (dotted) and distorted-wave calculations with-
out spinor distortions (dashed) and with spinor distortions
(dash-dot) by Kelly [18] and by Udias et al. [19] (solid).

The values of P ′l and P ′t for the free proton measured in
this experiment (via the hydrogen in the waterfall target)
are 0.30± 0.01 and −0.20± 0.01, with statistical errors.
All the results for P ′l for 16O are within about one stan-
dard deviation of the free values, even those for the s1/2

region; their average value is 0.30. Several of the P ′t data
points deviate somewhat from the free value; their aver-
age is -0.17. Such differences are not unexpected, even
in the plane-wave impulse approximation (PWIA).

The curves in Fig. 1 represent theoretical calcula-
tions based upon one-body currents and free (MMD) [25]
proton form factors. PWIA results, shown as dotted
lines, are identical for the three states and, at pm =
0, are equal to those for the free proton [15]. Final-
state interactions included in DWIA calculations pro-
duce small state-dependent deviations from PWIA. The
DWIA calculations by Kelly [15] are based upon a rel-
ativized Schrödinger equation and an effective momen-
tum approximation (EMA) to the current operator. The
dashed curves assume that lower and upper components
of bound and ejectile spinors are related in the same way
as for free protons [15]. The dash-dotted curves include



relativistic dynamics (spinor distortions) through the ef-
fect of Dirac scalar and vector potentials upon the ef-
fective current operator [18]. The solid curves show the
results of calculations by Moya de Guerra and Udias [19]
who solve the Dirac equation directly without using the
EMA. All DWIA calculations shown used the same in-
put as the calculations of unpolarized observables in Ref.
[26]. These include the EDIAO optical model of Cooper
et al. [27], NLSH bound-state wave functions [28], the
Coulomb gauge, and the cc2 off-shell current operator.
For modest pm, the recoil polarization is relatively insen-
sitive to variations of these choices.
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FIG. 2. Measured values of the ratio of polarization trans-

fer observables P ′t/ P
′
l for the 16O(~e, e′~p)15N reaction at Q2

= 0.8 (GeV/c)2. The theoretical curves represent plane-wave
calculations (dotted) and distorted-wave calculations with-
out spinor distortions (dashed) and with spinor distortions
(dash-dotted) [18]. The solid curves include the modifications
of the nucleon predicted by Lu et al. [9] and spinor distortions.

All DWIA calculations are in reasonable agreement
with the measured data. The two calculations which
include relativistic dynamics are very similar over the
relevant range of pm. This is expected, since the results
of the calculation of unpolarized observables in Ref. [26]
suggested that Kelly’s formulation is a good approxima-
tion to the more accurate approach of Udias et al. for
pm <∼ 300 MeV/c. The effects of relativity on the re-
coil polarization are small for this range of pm and are
dominated by distortion of the ejectile spinor.

Contributions from meson exchange (MEC) and iso-
bar (IC) currents can also affect the recoil polarizations.
Early calculations of the effects of MEC and IC were
carried out by the Pavia group [14], and preliminary cal-

culations by M. Radici [16] of this group for the present
kinematics have been made. Predictions of these effects
using a different approach have been published recently
by J. Ryckebusch et al. [17] for the present kinematics.
The scale of these effects is typically comparable to the
differences among the three DWIA curves shown. The
DWIA with small corrections thus provides a firm base-
line for considering changes in the form factor.

The ratios of the P ′t to P ′l data for the three states are
plotted in Fig. 2. Three of the theoretical curves shown
there correspond to those in Fig. 1, namely the PWIA
(dots), and the DWIA without spinor distortion (dashes)
and with spinor distortion (dash-dot) by Kelly [18]. The
data are in good agreement with the three predictions,
as expected from Fig. 1. The ratio of the experimental
and theoretical values of P ′t/ P ′l for the summed p state
data is 0.95± 0.18 using either DWIA calculation.

Deviations from unity significantly outside theoreti-
cal and experimental uncertainties would be evidence
for changes in the nucleon form factor ratio in the nu-
clear medium. As noted in the introduction, the Ade-
laide group [9] obtained density-dependent form factors
using a quark-meson coupling model and found changes
in the form factor ratio for 16O of about 10% for Q2 = 0.8
(GeV/c)2. The sensitivity of the (e, e′ p) reaction to such
changes has been estimated by Kelly using a local density
approximation to the current operator. The fourth curve
(solid) in Fig. 2 shows that the 10% changes in the form
factors translate into changes of roughly 5% in the P ′t
to P ′l ratio [18]. The reduced sensitivity of knockout at
small pm can be understood by comparing the averaging
procedure used by Lu et al. with one more closely related
to the matrix elements involved in the (e,e′p) reaction.

Lu et al. [9] estimated the effect of density dependence
upon the electromagnetic form factors for a bound nu-
cleon in orbital φα by using average form factors of the
form

Ḡα(Q2) ∝
∫
d3r wα(r)G(Q2, ρB(r)) (1)

where ρB is the ground-state baryon density for the resid-
ual nucleus. Here proportionality denotes division by a
similar integral omitting G. The static weighting factor
wα(r) = |φα(r)|2 determines the effective density for dif-
ferent orbits. In the (e, e′ p) reaction, however, Kelly [18]
finds that the weighting factor is approximately

wα = exp (iq · r)χ(−)(p′, r)∗φα(r) (2)

where χ is the distorted wave for ejectile momentum p′,
q is the momentum transfer, and pm = p′ − q. In the
interests of simplicity, recoil corrections and details of
the current operator have been suppressed. In the plane-
wave approximation, the weighting factor becomes

w(PWIA)
α = exp (−ipm · r)φα(r) (3)



and for pm → 0 reduces to simply φα. In kinematic
regimes explored thus far, this linear dependence upon
φα reduces the effect of density dependence in the reac-
tion, although the effect does increase with pm. Further-
more, absorption and nonlocality corrections also reduce
interior contributions to the average form factor.

Much more precise measurements of the P ′t/P
′
l ratio

are now possible. The polarized beam at JLab has shown
a marked improvement in intensity, lifetime, and polar-
ization since the commissioning experiment so that the
statistical errors can be greatly reduced within reason-
able running times, and systematic errors are already
small. Conditions at the MAMI accelerator at Mainz are
also appropriate for a high precision measurement at low
Q2, and an experiment was recently carried out there on
4He [29]. However, although recoil polarization provides
a direct signal for medium modifications of nucleon form
factors, the effect in (e,e′p) reactions is smaller than pre-
viously expected. A rigorous interpretation will require
a unified relativistic treatment of the reaction and form
factor models, including two-body currents.

The present experiment confirms the accuracy of the
DWIA description of the reaction mechanism in this kine-
matical regime. The measured ratio of the transverse to
longitudinal polarization transfers for the proton embed-
ded in 16O at a Q2 of 0.8 (GeV/c)2 is in good agreement
with calculations based on the free proton form factor
with an experimental uncertainty of about 18%. The
current generation of polarization transfer experiments
should substantially improve this limit, but reliable iden-
tification of changes in the form factor in the medium
remains an ambitious undertaking.
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