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The use of polarization observables to obtain the form facdd the nucleon has resulted in a
drastic change in the way we understand the structure ofdsotbn and neutron. In particular, the
measurement of the two non-zero components of the recddppmolarization in the elasti&p —

€ p reaction in three experiments at JLab, have resulted imméting the ratioGep/Gwp up to

a @ of 8.5 Ge\2. These experiments were done with two different protonrileters, capable
of good performance from a few GeV/c to 5.4 GeV/c proton momnerRef. [1, 2, 3, 4, 5, 6]. A
planned experiment, which will become possible with 11 G&¢teons in Hall A after the JLab
energy upgrade, is being designed and should reach protorenta of 8 GeV/c, corresponding
to @°=15 Ge\?, Ref. [7]. It will require a new polarimeter, to be added te Buper Bigbite
Spectrometer facility (SBS). The evolution of the desigd parformance of the two polarimeters
will be discussed in some detalils.

PSTP2013: The 2013 International Wbrkshop on polarized sources, targets and polarimetry. University of
\irginia, Charlottesville, Virginia, September 9-13, 2013.
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The use of the recoil polarization technique to obtain theted form factors of proton and neu-
tron at large @ has become possible with the development of highly poldréed high luminosity
electron beams in the multi-GeV energy range; in particatahe Jefferson National Accelerator
Facility (TINAF or JLab) electron accelerator (or CEBAF)slone of the two double-polarization
techniques that can be used to this end, the other beingizalaglectron on a polarized target
(proton or neutron), measuring the asymmetry. Here we usltuks the evolution of the recoil
polarization technology, which started in 1998, with thetfexperiment to obtain the elastic elec-
tric, Gep, to magneticGup, Sachs form factor ratiGep/Gup by the recoil polarization method at
JLab Halls A and C.

The first suggestion that double polarization would be aebettay to obtain nucleon form
factors in elasticep scattering goes back to a paper by Akhiezer and Rekalo [8]il the late
1990’s the only way to obtain the proton form factors was tigftomeasurement of the differential
cross section. In Born approximation, that is, assuming<gimagle virtual photon exchange is the
dominant process in elast@p scattering, theep cross section is the product of the Mott cross
section times a factoeGZ,(Q?) + TGEAP(Qz). Q? is the negative of the square of the invariant
energy transfeQ? = —(w? — %), with (w,d) the virtual photon four-momentuns. = (1+2(1+
)tan?%) =1 andt = Q?/4M2 are the kinematic factor (or polarization of the virtual pig) and the
dimension-less momentum transfer squared, respectiVély.well known Rosenbluth separation
method consists then in measuring the differential crossosefor several values @&f by changing
both beam energy and detector angle, while maintai@ifigonstant.

In Born approximation and for polarized incident electraihe recoiling proton is polarized,
with a longitudinal component along the final proton momant&;, and a transverse component
in the reaction plane,;PMeasuring these two components determi@es andGyp, provided one
knows accurately enough the beam polarization and the zinglpower of the polarimeter used
for the measurement of the proton polarization.

Here we discuss the technique related to recoil polarizatemsfer as used for elastic electron
scattering on a free proton, as was developed in the courabaft 10 years to obtain the form
factor ratio over the the larg®? range 0.5 to 8.5 Ge¥/ and the future 12 Gé/ after completion
of the Jefferson Lab 12 GeV upgrade.

In the energy range of interest here, i.e. proton momenta &bout 0.7 GeV/c to 7-8 GeV/c,
the proton polarization components perpendicular to tlweopr momentum can be obtained by
scattering the proton in an analyzer block made prefedlgnodCH,, and observing the azimuthal
asymmetry with appropriate tracking detectors downstrefime analyzer. The asymmetry in such
collisions is caused by tHe Scoupling in NN interaction. Following the Basel conventid®60),
spin- particles with spin up scatter preferentially to tef if the analyzing powerdy, is positive.
As only components perpendicular to the proton momentunbeashetermined with this method,
it is necessary to rotate the longitudinal polarization ponent so as to have as large as possible a
component normal to both the proton momentum and the tresesymlarization component. This
rotation can be obtained with a dipole, which, at least irt Girder, does not precess the transverse
component, if the B-field is perpendicular to the proton motum, as illustrated in Fig. 1. The
azimuthal distribution of the scattered proton will theri be) = lo(1+ Ay(6)PPP.f), whered and
@ are the polar and azimuthal scattering angles, respegtifies the normal to thep-scattering
plane and®fPP is the proton polarization vector. Fig. 2 is a schematicstilation of a polarimeter,
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Figure 1: Precession oF, in typical recoil po-
larization experiment.
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Figure2: Determination of the azimuthal asym-
metry in a polarimeter
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Figure 3: Analyzing powers A for pC obtained

in 1995 in Saclay; the fits are 8-parameter poly-
nomials. The maximum energy would corre-
spond to a @ of 4.5 Ge\? in elasticep.
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Figure 4: pC Analyzing powers obtained from
the first GEp experiment in 1998; some of the
data points from Fig. 3 are included.

with its front- and back tracking detectors determini@nd @. The expected azimuthal distri-
bution will then be of the formN*(8, @) = No=22:2 1 A R'PPcosp — AP PPsing)] for positive

helicity of the electron beam, wheRd PP ~ P

target

andPi PP ~ P giny are the normal and trans-

verse polarization components at the FPR; yOpend (Up — 1) is the spin precession angle for the
dipole bend angl®peng, ande (0, @) is the efficiency of the polarimeter; itg-dependence is the re-
sults of instrumental asymmetries, which can be mostly elaadoy forming the helicity difference

Nt —N-.

The first polarization transfer experiment at JLab was nespby the pioneering theoretical
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Figure5: Zero crossing of precessed longitudi-
nal component of the polarization; the small dots Figure 6: Analyzing powers from GEp(2) us-
are simulation data. The dashed line is a fit to the ing CH, as analyzer material. The maximum Q
data, and the solid line fit to the simulation. corresponds to 3.8 GeV/c momentum.

work of several authors [8, 9, 10]. It was based on analyzowep data obtained at the accelerator
SATURNE with the polarimeter POMME (Polarimeter Mobile a \#mne Energy), obtained with
polarized proton beams of energy up to 2.4 GeV (3.2 GeV/d)[)[drior to the GEp(1) experiment
at Jefferson Lab (see Fig. 3). The polar angle distributais, obtained in the GEp(1) experiment
are plotted in Fig. 4, from Ref. [2]. In this experiment théoa5e,/Gvp Was measured directly,
for the first time, from the rati®& /P, as had been proposed by Punjabi and Perdrisat in the drigina
GEp(1)-proposal [12]. The main advantage of this methothas the ratio is independent of the
beam polarization as well as the polarimetgr And of course, as two physics quantities have been
measured, two results can be obtained: the second is thezagapower.A, determines the error
bars, as in first approximatiahR PP = AP/ PP — (EAYLZN), where N is the number @& events A
an average analyzing power, anthe efficiency of the polarimeter.

Until the first GEp experiment at JLab, the proton form fagtoaid been obtained almost exclu-
sively by Rosenbluth separation. These measurement shibagdhdividually, theQ? dependence
of the two form factors was similar to the dipole form fac@s = (1+ %)*2, resulting in an ap-
proximately constanGep/Gwp ratio. The results of GEp(1) strongly suggested (see R§fthat
the recoil polarization results may not be in agreement thithRosenbluth data base. One possible
source of systematic error could have been in the methodtasedonstruct the target polarization
components, &%, Pi%) from the measured focal plane polarimeter polarizationmonents @',
RIPP). The data in Fig. 5 were obtained by choosing a kinematich that the precession in the
HRS dipole would be near 180 Events in the acceptance provide a range of precessioesang|
and the values of the asymmetry amplitudlé * do indeed go through zero very close to 480
precession angle, corresponding%‘:c?p = 0, validating the calculation of the spin precession.

The results of the second GEp experiment at JLab are pudlishRef. [3]. The data have
been re-analyzed since and re-published in Ref. [4]. Th&/zing power results of GEp(2) are
shown in Fig. 6; note that the maximum of Appears at a nearly constant transverse momentum
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pr of =~ 0.3-04 GeV/c over the range of proton momentum 2.6 to 3.8 GeMiese results confirm
the data obtained in a calibration experiment at JINR/Dufsee Ref. [13]), which was necessary
to get the GEp(3) experiment approved by the JLab PAC. Anrappéscaling” ofAT versus 1/p,
seen in Fig. 7, was observed for the first time in Ref. [13].
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Figure 7: The data of Ref. [13] indicated the
scaling relation for the maximum value & Figure 8: Analyzing powers for CH from
versus ¥p. The scatter of the data from differ- GEp(3), using CH as analyzer material; the
ent experiments is a reflexion of the efficient of highest @ value corresponds to a proton mo-
single-track identification. mentum of 5.4 GeV/c [14].

So far the tracking of the polarimeters used at JLab did dowvalor particle identification.

As the proton energy increases, the fraction of single«tex@nts decreases, approximately like
the ratio of the elastic to inelastic total cross sectione Tihdesirable effect of the inelastic con-
tribution, which can only partially be suppressed by s@dgcsingle-track events (some inelastic
channels results in a single charged final state, examiple pnr), is a decrease of the effective
analyzing powed,. In future experiments, better tracking resolution andiermeasurement of
energy behind the polarimeters should increase the eféeatialyzing power: HCal in the SBS
setup under construction for GEp(5) will allow a crude egeatgtermination.
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Figure 9: Results of the three JLab GEp experiments obtained by tlodl palarization method.

The third GEp experiment at JLab in 2007-8 used a double ipodder installed in the Hall C



The Recoil Polarization Experiments at Jefferson Lab C. F. Perdrisat

HMS spectrometer; the polar angle dependence of the anglyiwers obtained, over the proton
momentum range 3.6 to 5.4 GeV/c are shown in Fig. 8.

Fig. 9 shows all values qi,Gg/Gwmp Obtained in recoil polarization experiments at JLab so
far; as well as values obtained in a number of other expetisnencheck the polarimeter perfor-
mance. The results of the 3 most recent Rosenbluth expewsniid®, 16, 17] are also shown for
comparison .

Conclusions

Recoil polarization experiments became possible with Jthebtechnique had been first tested
at Bates at @< 0.5 Ge\? in 1996 [18].

Results of recoil polarization experiments were unexgkgabowing an irreducible difference
between double polarization results and Rosenbluth separ@sults.

It is now commonly assumed that the difference is due prigngwiincomplete radiative cor-
rections to the cross section data, including double Miphaton exchange. The size of the two-
photon exchange has yet to be determined experimentallyetife- cross section ratio recently
measured in three Laboratories should resolve the puzitho@ah this ratio is quite sensitive to
radiative corrections too!).

The authors acknowledge the support of NSF grant 106637RB)@Rd DOE grant DE-FG02-
89ER40525 (VP).
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