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Polarization transfer in the ®0(e,e’p)*®N reaction
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The first (é,e’ﬁ) polarization transfer measurements on a nucleus heavier than deuterium have been carried
out at Jefferson Laboratory. Transverse and longitudinal components of the polarization of protons ejected in
the reaction'®O(e, e’ p ) were measured in quasielastic perpendicular kinematicataf 0.8 (GeVk)2. The
data are in good agreement with state of the art calculations.

PACS numbeps): 13.40.Gp, 14.20.Dh, 24.78s, 27.20+n

Polarization transfer in theé(e’ﬁ) reaction on a proton [oP{=—27(1+ 7)GyGg tan(6/2), 2
target is a direct measure of the ratio of the electric and
magnetic form factors of the protoiGR/G},. When such lo=G2+ 7GZ[1+2(1+ ntarf(6/2)], (3
measurements are carried out on a nuclear target, the polar-
ization transfer observables are sensitive to the form factor = Q2/4m,23, (4)

ratio of the proton embedded in the nuclear medium. Be-
cause such experiments involve the measurement of ratios efhereE andE’ are the energies of the incident and scattered
polarizations at a single kinematic setting, the systematic erelectron, # is the electron scattering angle, ang, is the
rors are small, and different from those in standard Rosenproton massP, and P, are the longitudinal and transverse
bluth separations. polarization transfer observables, respectively. The two com-
We report here measurements of polarization transfer iponents of the actual polarization in the scattering p[di2
the 1°0(e,e’p )1°N reaction, the first such measurement on aare hP/ , parallel to the proton momentum, ahd; , per-
nucleus heavier than deuteriuft]. The experiment, E89- pendicular to the proton momentutn;is the electron beam
033 at the Thomas Jefferson National Accelerator Facilitypolarization. The measured polarizations change sign when
(JLab, was part of the commissioning effort for Hall [®].  the electron helicity changes sign, so these polarization trans-
It was the first experiment to use a polarized beam at JLalfer quantities are insensitive to instrumental asymmetries in
and the first to use the focal plane polarimet&PP  the detectors.
mounted on the high-resolution hadron spectrometer. Com- The ratio of the transferred polarizations is then
parison of the results with state-of-the-art calculations lays
the ground work for high precision tests of changes of the P{ —2mp Ge
form factors in the nuclear medium. The distorted-wave im- p_l’:(E+ E’)tan 6/2) G_M ®
pulse approximatiodDWIA) provides a good description of
the reaction, and the predictions are shown to be insensitiveor a free proton target, the ratio of polarizations can be used
to various theoretical corrections. to determine the ratio of the form factors with small system-
The issue of possible modification of the properties ofatic errors; systematic problems associated with Rosenbluth
hadrons in the nucleus has been attracting experimental an@parations are eliminated. The ratio is independent of the
theoretical attention for some years. It remains unsettled. Inbeam polarizatiorfassuming it is not zejoand of the ana-
terpretations of inclusivege’) cross-section measurements lyzing power of the proton polarimeter. One experimental
in they-scaling regime suggest that the radius of the nucleoiatum requires a coincidence measurement at a single kine-
is changed by less than a few percent at least for values @hatic setting. The systematic error on the ratio of polariza-
the four-momentum transfer squaredjQup to about 1 tions in the present experiment is aboti.022, due almost
(GeVic)? [3]. These measurements are primarily sensitive taentirely to uncertainty in the precession of the proton’s spin
the magnetic form factor. Measurements of the Coulomhn the hadron spectrometer. Even smaller errors were
sum rule over a similar region Q2 indicate that the electric achieved in the subsequent E93-027 measurements of the
form factor in ®He is close to its free valupt], and some free form-factor ratio on a liquid-hydrogen target aBa of
studies suggest that this is true ¥C and *°Fe as well[5],  0.79 (GeVt)? [13].
but recent work disputes this conclusifl. Measurements For nuclear targets, the polarization transfer observables
of the form factor ratio of the nucleon in nuclei by Rosen-depend sensitively on the nucleon form factors, but they de-
bluth separations ing,e’p) reactions indicated changes of pend also on the motion of the nucleon and on the nuclear
about 25% at lowQ? [7], but some other experiments and wave functions. Even in the plane-wave impulse approxima-
theoretical analyses disagrg8d. Recent theoretical work by tion (PWIA), the simple expression above for the ratio of
the Adelaide group based on the quark-meson couplingransferred polarizations is modified by the change in kine-
model predicted changes in the ratio of the two form factoramatics. In addition, the observables may also be modified by
for %0 of roughly 10% aQ? around 1 (GeV¢)? and about other effects not included in the PWIA, such as final-state
20% or larger at about 2.5 (Ge®)? [9]. Changes of this interactions of the outgoing proton, meson exchange and iso-

magnitude have also been suggested previgu€y bar currents, off-shell effects and the distortion of spinors by
For the free nucleon, the polarization transfer can be writstrong Lorentz scalar and vector potentiglg—19.

ten in terms of the form factors 4%1] Electrons from the CEBAF accelerator of energy 2.45

ELE’ GeV and longitudinal p_olarization gbout 30% were focused

1P| = \/meA tarf(6/2), (1) on a waterfall target with three foils whose total thickness

mp was about 0.39 g/cfn Scattered electrons were detected in
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the focal plane array of the high resolution electron spec- P, p;
trometer in Hall A at a fixed laboratory angle of 23.4° and a
fixed central energy of 2.00 GeV, the quasielastic peak. Pro- 04 p,,,
tons with a fixed central momentum of 973 MeVivere 5

detected in coincidence with electrons in the focal plane ar- [ S o =

ray of the hadron spectrometer. Measurements in quasiper- +
pendicular kinematics were made at proton angles of 53.3° | i
(for hydrogen data on)y 55.7°, and 60.5°, corresponding to 0.2
central missing momentg,, of 0, 85, and 140 Me\W; the
acceptance was typically abot1it40 MeV/c around the cen-
tral value. Elastic scattering from hydrogen dominates the
spectrum at 53.3{so that no'®O data could be obtaingd
and is visible also at 55.7°. The missing-mass resolution of
about 1 MeV was sufficient to easily distinguish tpe,
ground state of'°N from the strongly excitegs, state at
6.32 MeV, but small contributions from nearby weakly ex-
cited states could not be entirely excluded. In the continuum,
a peak corresponding primarily to knockout of nucleons
from the s;,, shell rises weakly above ghysics back-
ground presumably related to multiparticle knockout.

041 P32 P32

The JLab focal plane polarimet&PP was designed and 0 100 pz‘(’l‘\’ne\j’/c) 100 200
built by a collaboration of Rutgers, William & Mary, Geor- "
gia, Norfolk State, and Reginf20—22. The polarimeter, FIG. 1. Measured values of the polarization transfer observables

consisting of four tracking straw chambers and a graphite; and P, for the *%O(e,e’p)'*N reaction atQ?=0.8 (GeVk)>.
analyzer set to a thickness of 22.5 cm for this experiment, ighe theoretical curves represent plane-wave calculatidotted
mounted in the hadron spectrometer behind vertical drifand distorted-wave calculations without spinor distorti¢deshed
chambers and scintillators in the focal plane. The analyzingnd with spinor distortiongdash-dot by Kelly [18] and by Udias
powerA, of the FPP was taken from the parametrization byet al.[19] (solid).
McNaughtoret al.[23]. Measured values &, , obtained by
analyzing data from scattering on hydrogen, have been The curves in Fig. 1 represent theoretical calculations
shown to agree well with this parametrizatiph3]. The based upon one-body currents and fi2& proton form fac-
beam polarization was measured at varying intervals with &rs. PWIA results, shown as dotted lines, are identical for
Mott polarimeter in the injector beam line. For the 85 MeV/ the three states and, pf,=0, are equal to those for the free
data point on'®0, values of the beam polarization deter- proton[15]. Thep,, dependence in the PWIA calculations is
mined from the Mott polarimeter and from the FPP resultsdominated by the rotation of the spin axes to bring the
for hydrogen are in good agreement, well within the 5%direction parallel to the ejectile momentum. Convection cur-
systematic error assigned to the beam polarization in the sulents proportional to the initial momentum of the bound pro-
sequent analysis of the oxygen data. The result for the ratiton also produce small changes of the recoil polarizations.
n(Gg/Gy) of hydrogen measured in this experiment at aFinal-state interactions included in DWIA calculations pro-
Q? of 0.8 (GeVk)? is 0.92+0.05, in agreement with previ- duce small state-dependent deviations from PWIA. The
ous results and with the values subsequently measured witbWIA calculations by Kelly[15] are based upon a relativ-
higher precision13]. ized Schrdinger equation and an effective momentum ap-
Results for the transverse and longitudinal components gbroximation (EMA) to the current operator. The dashed
the polarization at the two central values of the missing mocurves assume that lower and upper components of bound
mentum for the two bound statgs,,, andps,», and for the and ejectile spinors are related in the same way as for free
region of the unbound,, state are shown in Fig. 1. The protons[15]. The dash-dotted curves include relativistic dy-
missing energy cuts on the latter extended from about 29 toamics(spinor distortionsthrough the effect of Dirac scalar
55 MeV. The polarizations are given in the scatterita)  and vector potentials upon the effective current operator
frame, defined by the incident and outgoing elec{rb, 15. [18]. The solid curves show the results of calculations by
The errors shown are statistical. Systematic errors on th®loya de Guerra and Udig49] who solve the Dirac equa-
individual polarizations are about6%, primarily due to the tion directly without using the EMA. All DWIA calculations
uncertainty in the polarization of the beam. Small acceptancehown used the same input as the calculations of unpolarized
averaging corrections are includgell], as are the effects of observables in Ref.26]. These include the EDIAO optical
corrections to the dipole approximation for spin transport ofmodel of Coopekt al. [27], NLSH bound-state wave func-
the proton in the hadron spectromef@d.,22. Both correc- tions[28], the Coulomb gauge, and the cc2 off-shell current
tions are generally less than about 2%. Radiative correctionsperator. For modegt,,, the recoil polarization is relatively
to the polarizations, expected to be much smaller than thasensitive to variations of these choices.
statistical errors here, have not been mgzig. All DWIA calculations are in reasonable agreement with
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P//P| for the summeg state data is 0.950.18 using either

DWIA calculation.

Deviations from unity significantly outside theoretical and
experimental uncertainties would be evidence for changes in
the nucleon form factor ratio in the nuclear medium. As
noted in the introduction, the Adelaide grol@] obtained
density-dependent form factors using a quark-meson cou-
pling model and found changes in the form-factor ratio for
180 of about 10% forQ?=0.8 (GeVk)?. The sensitivity of
the (e,e’p) reaction to such changes has been estimated by
Kelly using a local-density approximation to the current op-
erator. The fourth curvésolid) in Fig. 2 shows that the 10%
change in the form-factor ratio translates into changes of
roughly 5% in theP; to P, ratio [18]. The reduced sensitiv-
ity of knockout at smalp,, can be understood by comparing
the averaging procedure used by ktial. with one more
closely related to the matrix elements involved in the
(e,e’p) reaction.

s - Lu et al. [9] estimated the effect of density dependence
[ Y upon the electromagnetic form factors for a bound nucleon in
0 50 100 150 200 orbital ¢, by using average form factors of the form
Pm (MeV/c)
FIG. 2. Measured values of the ratio of polarization transfer Ea(Qz)ocj dr w,(r)G[Q?,pg(r)], (6)
observablesP;/ P| for the %O(e,e’p)'®N reaction atQ?=0.8

(GeVic)?. The theoretical curves represent plane-wave calculations . . h .
. . . . i . - residual
(dotted and distorted-wave calculations without spinor dlstortlons\/\lherepB is the ground-state baryon density for the residua

(dashed and with spinor distortiongdash-dottepi[18]. The solid _nl:CIeUf. He_rg pr(gi)or_':_lﬁnallttytdenotesh(ti_IVISl?n tby a similar
curves use a modified current operator in which nucleon form faciNtegral omitting ts. e static weighting factomw,(r)

_ 2 ; ; ; ;
tors depend upon local density as predicted byetal. [9]; spinor | ¢4(r)|* determines the _effectlve density for dlfferen_t or-
distortions are included. bits. For the ¢,e’'p) reaction, however, a more realistic

weighting factor is that suggested by van der Steenhoven

. L et al.[29]:
the measured data. The two calculations which include rela-

tivistic dynamics are very similar over the relevant range of w,=exp(ig-r)x{(p’,n)* ¢ (r), 7)
pPm- This is expected, since the results of the calculation of
unpolarized observables in R¢26] suggested that Kelly’s wherey is the distorted wave for ejectile momentyrh g is
formulation is a good approximation to the more accurateéhe momentum transfer, amg,=p’ —q. In the interests of
approach of Udiast al. for p,,=300 MeV/c. The effects of  simplicity, recoil corrections and details of the current opera-
relativity on the recoil polarization are small for this range of tor have been suppressed. In the plane-wave approximation,
Pm and are dominated by distortion of the ejectile spinor. the weighting factor becomes

Contributions from meson exchangMEC) and isobar
(IC) currents can also affect the recoil polarizations. Early WPWIA = exp( —ipm- 1) da(r), (8)
calculations of the effects of MEC and IC were carried out
by the Pavia groud14], and preliminary calculations by and forp,—0 reduces to simplyp,. In kinematic regimes
Radici [16] of this group for the present kinematics have explored thus far, this linear dependence upbnreduces
been made. Predictions of these effects using a different aphe effect of density dependence in the reaction, although the
proach have been published recently by Ryckebusichl.  effect does increase witlp,,. In the actual calculations
[17] for the present kinematics. The scale of these effects ishown here, Kellf18] applies a local-density approximation
typically comparable to the differences among the threeo the current operator itself and performs an unfactorized
DWIA curves shown. The DWIA with small corrections thus DWIA calculation without using these simple weighting fac-
provides a firm baseline for considering changes in the formors. Furthermore, absorption and nonlocality corrections
factor. also reduce interior contributions to the average form factor.

The ratios of theP| to P data for the three states are  Much more precise measurements of B{gP| ratio are
plotted in Fig. 2. Three of the theoretical curves shown theremow possible. The polarized beam at JLab has shown a
correspond to those in Fig. 1, namely the PWbts, and  marked improvement in intensity, lifetime, and polarization
the DWIA without spinor distortioridashesand with spinor  since the commissioning experiment so that the statistical
distortion (dash-dox by Kelly [18]. The data are in good errors can be greatly reduced within reasonable running
agreement with the three predictions, as expected from Figimes, and systematic errors are already small. Conditions at
1. The ratio of the experimental and theoretical values othe MAMI accelerator at Mainz are also appropriate for a
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high precision measurement at I&f. Experiments orfHe  calculations based on the free proton form factor with an
have recently been carried out at both machines. HowevefXPerimental uncertainty of about 18%. The current genera-
although recoil polarization provides a direct signal for me-tion Of polarization transfer experiments should substantially
dium modifications of nucleon form factors. the effect in IMProve this limit, but reliable identification of changes in

(e,e’p) reactions is smaller than previously expected. A rig-the. form factor in the medium remains an ambitious under-
. . ) . o S taking.

orous interpretation will require a unified relativistic treat-

ment of the reaction and form-factor models, including two-  We are grateful to the technical staff at JLab for their

body currents. dedicated and expert support. We thank E. Moya De Guerra,
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DWIA description of the reaction mechanism in this kine- discussions and detailed calculations. This work was sup-

matical regime. The measured ratio of the transverse to lorported in part by the NSF and the DQE.S), the INFN

gitudinal polarization transfers for the proton embedded in(ltaly), the CEA and the CNR$France, and the NSERC

180 at aQ? of 0.8 (GeVk)? is in good agreement with (Canada
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