(A New Proposal to Jefferson Lab PAC34)
Measurement of the Neutron Electromagnetic Form Factor
Ratio GR/G}, at High Q?

A. Camsonne, E. Chudakov, P. Degtyarenko, J. Gomez,
O. Hansen, D. W. Higinbotham, M. Jones, J. LeRose, R. Mich&Nanda,
A. Saha, V. Sulkosky, B. Wojtsekhowski (spokesperson antecoperson), S. Wood
Thomas Jefferson National Accelerator Facility, Newport News2%606

H. Baghdasaryan, G. Cates (spokesperson), D. Day, N. Kalamsar
R. Lindgren, N. Liyanage, V. NelyublnB. E. Norum,
S. Riordan (spokesperson), W. A. Tobias, K. Wang
University of Virginia, Charlottesville, VA 22901

D. Nikolenko, I. Rachek, Yu. Shestakov
Budker Institute, Novosibirsk, Russia

K. Aniol and D. J. Magaziotis
California State University, Los Angeles, CA 90032

G. B. Franklin, B. Quinn, R. Schumacher
Carnegie Mellon University, Pittsburgh, PA 15213

J. Annand, D. Hamilton, D. Ireland, R. Kaiser, J. Kellie, Kvidgston,
I. MacGregor, G. Rosner, B. Seitz, D. Watts
University of Glasgow, Glasgow, Scotland

W. Boeglin, P. Markowitz, J. Reinhold, M. M. Sargsian
Florida International University, Miami, FL 33199

A.T. Katramatou, G.G. Petratos
Kent State University, Kent, OH 44242

A. Glamazdin
Kharkov Institute of Physics and Technology, Kharkov 3100Kraine

W. Bertozzi, S. Gilad
Massachusets Institute of Technology, Cambridge, MA 02139

J. Calarco, W. Hersman, K. Slifer
University of New Hampshire, Durham, NH 03824

M. Khandaker, V. Punjabi
Norfolk State University, Norfolk, VA 23504



B. Vlahovic
North Carolina Central University, Durham, NC 03824

R. Gilman, C. Glashausser, G. Kumbartzki, R. Ransome
Rutgers, The State University of New Jersey, Piscataway, N&4088

J. M. Laget, F. Sabatie
CEA Saclay, Gif-sur-Yvette, France

A. Sarty
Saint Mary's University, Nova Scotia, Canada B3H 3C3

R. De Leo, L. Lagamba, S. Marrone, G. Simonetti, E. Nappi, landi
INFN Bari and University of Bari, Bari, Italy

V. Bellini, A. Giusa, F. Mammoliti, C. Randieri,
G. Russo, M. L. Sperduto, C. M. Sutera
INFN Catania and University of Catania, Catania, Italy

E. De Sanctis, L. Hovsepyan, M. Mirazita, S. A. Pereira, P9rR0s
INFN, Laboratori Nazionali di Frascati, Frascati, Italy

E. Cisbani, F. Cusanno, S. Frullani, F. Garibaldi,
M. lodice, M. L. Magliozzi, F. Meddi, G. M. Urciuoli
INFN Rome and gruppo collegato Sanénd University “La Sapienza”, Rome, Italy

A. D'Angelo
INFN Rome2 and University “Tor Vergata”, Rome, Italy

J. Lichtenstadt, E. Piasetzky, I. Pomerantz, G. Ron
Tel Aviv University, Israel

T. Averett, L. Pentchev, C. Perdrisat
College of William and Mary, Williamsburg, VA 23185

S. Abrahamyan, S. Mayilyan, A. Shahinyan, H. Voskanyan
Yerevan Physics Institute, Yerevan, Armenia

M. Olson
St. Norbert College, De Pere, WI 54115

T on leave from SPNPI of Russian Academy of Sciences, GatcRinssia

December 15, 2008



Abstract

We propose a measurement of the electromagnetic form featiorof the neutron,
Gg/Gy, at high four-momentum transfer values@f = 5.0, 6.8, and 10.2 GE\in

double polarized semi-exclusivele(e; eh) pp scattering in quasi—elastic kinematics by
measuring the transverse asymmef¥y, of the cross section. This quantity can then be
used to quickly extract the electric form fact@g, as more precise hig®? Gy data
becomes available.

Results from the recent JLab experiments E93-027, E04-10&l&stic electron-
proton scattering, using a recoil polarization technicglegw remarkable features for
the proton electric form factor at these momentum transvenereas no data dag are
available. Our previous measuremenGgf in experiment E02-013 provided data up to
Q? of 3.5 Ge\?, which more than doubles the previously cove@#drange.

The recently developed approach for calculations of ex@useactions in theQ?-
range between 1 and 10 G&\sing generalized parton distributions (GPD) relatesghes
elastic form factors and the results from deep inelasti¢texgag and deeply virtual
Compton scattering. Data f@g at high Q? are necessary, in particular, to constrain
spin- ip GPDs at high momentum transfer.

The experiment utilizes the polarizéde target and the polarized JLab beam at beam
energies of 4.4, 6.6, and8GeV. The electrons will be detected in the BigBite spec-
trometer with a new GEM based tracker and the neutrons in @y af scintillators.
Because of the high kinetic energy of the neutrons, a highroeutetection ef ciency
with an excellent background suppression can be achieveghr&tion of recoiling pro-
tons and neutrons will be performed magnetically.

Within 55 days of beamtime the rat{8/Gy, can be measured to an accuracy better
thanD(GE/Gy,)= 0:20 for these three values @P. With accurate measurementsGfj;,
this would correspond tB(G2/Gp) = 0.07, orDG2=3 10 “for our highesQ? point.
Such a measurement would signi cantly increase our knogéeabout a fundamental
property of the neutron in a region where no data are availabl



1 Introduction

Knowledge of the neutron electromagnetic form fact@g,and Gy, are essential for an under-
standing of nucleon structure. At non-relativistic momentransfers, they are the Fourier trans-
forms of the electric charge and magnetic moment distiangti respectively, of the valence and
sea quarks inside the neutron. At relativistic energieb@Breit—frame, where the squared three-
momentum transfeg?, equals the square of the four-momentum tran€pér.they are related to
the Fourier transforms of these distributions. This crediéculties in the interpretation of the
charge distribution in the nucleon rest frame, as the Braghfr is different for eac®)?. An attempt

to relate the Briet frame distributions to the rest framertigtions has recently been explored [1].

Recent surprising results (@‘E the electric form factor of the proton, from JLab experitsen
E93-027 and E99-007, utilizing a recoil polarization teicjue, show that the rati@E/G,f’,I declines
sharply a€Q? increases, and therefore that the electric and magnetit flactors exhibit different
Q? behavior starting a®? 1 Ge\? [2, 3]. The same mechanisms causing this deviation should
also be present in the neutron. It is an intriguing questiany the ratioGg/Gy, develops in this
Q? regime, where con nement plays an important role.

Our knowledge ofGE at high Q? is rather poor compared to the data available on the Sachs
form factors of the protorGE andG},, as well as, but to a lesser extent, on the neutron magnetic
form factorGy,. The reason is two-fold. First, the net charge of the neuisarero andGg is
therefore a small quantity and second, there are no suftdie® neutron targets on which to
perform experiments.

Thermal—neutron scattering from atoms measures verygalgdhe RMS charge radius related
to the slope OGE(QZ) asQ? 0 [4, 5]. This has been measured to b@:113 fn?, and because
the net charge of the neutron is zero, it can be thought tastorfsa positive core surrounded by a
negative cloud. There are a number of physical mechanisnthvave been proposed to explain
the origin of the neutron's charge distribution. The cleakinterpretation was in terms of a virtual
negatively charged cloud surrounding a positively charged proton core.

MeasuringGg in inclusive unpolarized electron scattering is limitedtie accuracy of the in-
formation it can provide. This is typically performed usihg technique of Rosenbluth separation.
The Rosenbluth formula is given by

ds _ ds GZ+ t G

B _ a?cos§ E® GZ+1tG}
dW  dWmott 1+t

C 4E2Sif9E 1+t

whereE is the initial electron energy®is the nal electron energytau= Q?*=4M? whereQ? is
the four-momentum transfer amdl is the mass of the nucleon, agds the scattering angle of the
electron. By measuring the cross section for sewgedl xed Q?, the values o5g andGy can be
separated. Applying this technique for the neutron is vempnanding for several reasons. Since
tGy G, the magnetic form factor dominates the cross section, myatkie accurate extraction
of Gg dif cult. Additionally, these experiments have to be perfeed on light nuclei, typically
2H, and the contribution from the proton to the cross sectioistrbe subtracted. Furthermore, to
extract the neutron information, the deuteron wave funstimust be known, and FSI, MEC, IC,
and relativistic effects must be included.

Double polarization experiments provide another tool t@giGE. By investigating spin ob-
servables, the interference betweBp and Gy, enhances the sensitivity of these reactions to

. 2tG§,|tan?g " 2tG§,|tan?g L ()
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Gg. This possibility was already discussed in 1957 by Akhiezteal. [6] and later in 1969 by
Dombey [7], and again by Akhiezer and Rekalo [8]. Arnold, Gamlsand Gross suggested study-
ing the reactiort(e; %) p to determineGg [9]. In 1984 Woloshyn proposed the use of a polarized
3He target to measu@l [10].

Experiments [11, 12, 13, 14] at MAMI were the rst to utilizeish a target and measured
Gg at several points up to:D Ge\2. Experiment E02-013 in Hall A used a polarizéide target
to measuresg at four Q2 points from 14 to 35 Ge\2. In the last ten years, a variety of double
polarization experiments measuri@ have been performed at different facilities: MIT-Bates,
NIKHEF, MAMI, and JLAB Halls A and C.
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Figure 1: Selected publishe&world data from polarized measurement techniques [11, 3214, 15, 16, 17, 18,
19, 20, 21] and5g extracted from the deuteron quadrapole form factor [2250Ahown is the Galster parameteriza-
tion [23].

Fig. 1 shows the published results 68 obtained from these types of experiments [11, 12, 13,
14, 15, 16, 17, 18, 19, 20, 21] aigfl extracted from the deuteron quadrapole form factor [22].
Also shown is the Galster parameterization, [23], wherddh& factor of the neutron is given by

the curve it
n — .
£ Tr 56t D @)
whereGp is the dipole parameterization,
2
Q2
Gp= 1+ ——— : 3
P 0:71 Ge\? )

For moderate)?, Gy has been well determined by a recent and soon to be publistaybes
from CLAS [24, 25] and was determined to follow the dipole paeterization quite well, Fig. 2.
However, at the time of this writing, there is a lack of prémisdata above @ Ge\?, which would
presently hinder the extraction @2 from the ratioGE/Gy,. As this data becomes available,
Gg could be quickly be calculated.
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Figure 2:G}, data for moderate and higbPfrom [24, 25], [26], and a new 12 GeV proposal.

In Fig. 3 are the projected data points from the proposedrerpeat, preliminary results for
E02-013, and the empirical t from Galster.
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Figure 3: Projected points for this proposal and prelimjrrasults from E02-013.

To address the actual physics interests, we propose to nec@gilGy, at Q?=5.0, 6.8, and
10.2 Ge\f. We expect to achieve a relative statistical uncertain§(®2/G},) of 20% or better in
each of the three data points in 1385 hours of beamtime. Teigracy is comparable to the preci-
sion of the data on the proton, so a direct comparison of aewnd proton form factor data will
be possible. In this error estimate, we have assumed3hdvllows the Galster parameterization
and forGy, a parameterization of Kelly [27] was used. At this time, thixrno accurat&g data
is available from double polarization measurementsgégreater than 3.5 GEV There is also



no other approved experiment at JLab, which is the only latiooy where a double polarization
measurement d&g at such high momentum transfers is possible.

The experiment is made possible by two advantages: rstldige acceptance BigBite spec-
trometer and a neutron detector with an angular acceptaatehed to the electron arm results in
a large solid angle which cannot be achieved with any of therattandard detectors in Hall A or
Hall C; second is the large degree of neutron polarizatioheérHall A polarized®He target, which
has a luminosity capability which exceeds that of other podal targets. The use of the polarized
3He target together with the polarized electron beam allosviowperform a double polarization
experiment without the need to use a polarimeter to meakarpdlarization of the recoiling neu-
tron. Additionally, due to the high momentum of the recalimeutron, the neutron detector can be
built with a very high neutron detection ef ciency.



2 Physics Motivation

The nucleon plays the same central role in hadronic physatgie hydrogen atom does in atomic
physics and the deuteron in the physics of nuclei. The streadf the nucleon and its general
properties, such as charge, magnetic moment, size, massharappropriate form factors, are
of fundamental scienti c interest. The nucleon is a laboratfor the study of the quark-gluon
interaction and both nucleons, the proton and the neutreed no be explored. At present the
proton has been more thoroughly studied at l@@g¢han the neutron. More data on the neutron is
essential if we are to make real progress in obtaining a cet@lescription of the quark structure
of the nucleon.

Considerable information on the structure of the nucleonlieen obtained by using elec-
tromagnetic probes via electron scattering. Inclusivepdaelastic scattering (DIS) has been a
classical tool with which the partonic structure of the mael has been probed. At hig)?, DIS
yields information on the light-cone momentum space digtions of quarks and gluons in the nu-
cleon when viewed through the in nite momentum frame. Mahyhe experimental foundations
of QCD are in fact derived from investigations of various aspef DIS.

Exclusive processes, on the other hand, such as elasttcogle@nd photon scattering, can pro-
vide information on the spatial distribution of the nuclsoconstituents, which is parameterized
through the elastic nucleon form factors. For photon sdatjeonly one set of data, obtained at
Cornell in 1977 [28], on high energy scattering off the proabarges, t, andu is available. Ex-
perimental studies of elastic electron scattering froniblo¢ proton and the neutron were initiated
at SLAC and are now being thoroughly performed at Jeffersimdnd other facilities world-wide.

The Dirac form factorfF, describes the distribution of electric charge and the ©inagnetic
moment, while the helicity non-conserving Pauli form facte,, describes the distribution of
the Pauli magnetic moment; these two form factors are theedhgnts of the hadronic current.
These currents contain information on the transverse ehdisgribution for an unpolarized and
transversely polarized nucleon, respectively, in the termomentum frame [29, 30].

The Sachs form factor§e andGy, the ratio of which will be extracted directly from our data
for the neutron, are related g andF by

_ Ge+tGwm an _ Gv Gg.
T 1+t T ok@+t)’

wherek is the nucleon anomalous magnetic moment.

The independent determination @ﬁl from the unpolarizedp cross section data has been
made up toQ? = 8.8 Ge\F [31]. The extraction ofs,'i’,I from a single cross section measurement
to higherQ? assumesip,GE= G, [32]; these data are shown in Fig. 4. New data from the GEp-lIl
experiment in Hall C at JLab using polarization transfer teasureGE/G}, up to 8.5 GeV is
currently under analysis.

In the case of the neutron, new measuremen@pin Hall B [24, 25] are near publication; they
will bring the knowledge of this form factor to comparableédés of accuracy t@? = 4.8 Ge\~.

For the neutron electric form factor, JLab experiment EQ3-& currently in analysis and will
extend theQ? range to 3.5 Ge¥

The PAC15 Workshop on Nucleon and Meson Form Factors and Suss Rdldressed the
following scienti ¢ questions:

F1 (4)
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Figure 4: Selected world data fppGE/Gland forG)/uGo.

What is the role of perturbative QCD in understanding nuclesmffactors at higlQQ>?
Can we understand the nucleon as a strongly interacting &ely-bystem?
Can form factor ratios be calculated in believable QCD-mdtigdanodels?

Can non-forward distributions provide a link between formiéas and structure functions?

As we discuss in the following, the measurementGyf at a few GeV proposed here will
provide fundamental information needed for answeringelsgestions.

At asymptotically highQ?, one can apply perturbative QCD (pQCD) to describeQhelepen-
dence of exclusive electron scattering. Early attemptgterdhine the scaling behavior fer were
performed by using a simple dimensional counting rule jedtby the inclusion of two gluon ex-
change processes [33, 34]. A recent calculation by Bel@sal. [35] was performed where quark
orbital angular momentum was included to determine theaehtor the non-helicity conserving
form factorF,. It was found to logarithmic accuracy that the rd&eF; should, at hithz, follow

the form s oo
lo =L
e ps <= ° ; (5)
=1 Q?

This behavior was found to set in surprisingly early for thetpn data forQ?> 2:0 Ge\? with

L 300 MeV. Using preliminaryf data from E02-013 up to:B Ge\?, this scaling had not yet
been observed [36] suggesting pQCD has not yet set in at thigrmQ?. A calculation from
ANL utilizing a Poincare invariant truncated Faddeev emumafor a quark-diquark system [37]
suggests this type of behavior for each of the two nucleong maexpected. For hig?, this
experiment in conjunction with hig? Gy data may be able to observe the onset of this pQCD
behavior in the neutron form factors.

Over the years many QCD-inspired models have been developgeistribe nucleon electro-
magnetic form factors at small and intermedigfevalues Q% < 1-2 Ge\#). While these have
provided some insights into the possible origin of the notybative quark structure of the nu-
cleon, ultimately one would like to use experimental formtda data to test the workings of QCD
itself. Recently, important developments in QCD phenomegpltas been the exploration of the

9



generalized parton distribution (GPD) formalism [38, 39},4vhich provides model-independent
relations between inclusive and exclusive observablese¥ample, the nucleon elastic form fac-
torsF; andF, are given by the rst moments of the GPDs

z Z,

1
FM) =4 Hixxtwdx andR(t)= §  EYxxtpwdx (6)
q O q O

whereHY andEY are two of the generalized parton distributiorss the standard Bjorker, x is

is the “skewdness” of the reaction (Fig. 5)is the four-momentum transfered by the electnon,
is a scale parameter necessary from the evolution @¥ganalogous to DIS parton distributions,
and the sum is over all quarks and anti-quarks. These maydassed through processes such
as deeply virtual compton scattering, where the interadsdactorized into a hard part with the
virtual photon/photon interactions with an individual gkiand a soft part of the residual system
where the GPD information is contained, Fig. 5.

Furthermore, as shown earlier by Ji [38], the moments of G&bsyield information, accord-
ing to the Angular Momentum Sum Rule, on the contribution ®rhcleon spin from quarks and
gluons, including both the quark spin and orbital angulanmantum.

At present, experimental measurements of GPDs are scantésuth data becomes available,
work has been done to attempt to parameterize these GPDsh wdly heavily on data from
electromagnetic form factors and parton distributionefi@IS as constraints [41, 42, 43]. Data at
high Q? for GE would contribute signi cantly in the development of thesedatels.

—

Figure 5: DVCS scattering process which allows access to<sPD
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3 The Double Polarization Method

In the following paragraphs we will brie y summarize the fioalism used to describe cross sec-
tions and asymmetries obtained in doubly polarized electattering experiments. We will
mainly follow the approach of [49, 50]. In the Born approximat the elastic electron nucleon
scattering € N) cross section can be written as a sum of two pag&swhich corresponds to
the unpolarized elastic differential cross sectdsrdW., and a polarized paid, which is only
non-zero if the electron is longitudinally polarized (logly h=  1);

sh= S+ hD: (7)
The asymmetryy for thee N scattering cross section is de ned as

S+ S D
AN= —= —: 8
NZ S E s 5 (8)

The unpolarize@ N cross sectiof® for elastic scattering off a free nucleon at rest is given by

ds  Ef GZ+tGg )
=— L E "My F(0=2) :
S W . E 1t tGytarf(g=2) ; )
with
ds a’cos§

dW Mott 4Ei28in4%

being the Mott cross section, which describes the scatfesira spin one-half particle from a
point-like spin one-half target. The polarized part is givey
r—
ds E¢ t q

_ .ds  Et _ . , |
D= 25w vor B 1+ 1 tan(g=2)  t(1+(1+ t)tar’(q=2)) cosq Giy + sinq cosf GuGe ;
(11)

whereq is the polar angle and is the azimuthal angle of the target polarization in the tabary
frame with respect to the axis of the momentum transfer @)ig.

(10)

polarization axis

momentum
transfer

Figure 6: The kinematics of electron scattering from a poéaf target.

The measured experimental asymmetry for%ﬁe(e; eh) pp reaction is reduced compared to
this ideatn(e; eh) reaction due to a number of effects. Limited polarizationhef electron beam

11



Poeamand the3He target,Ps,, the effective polarization of the neutrons in thée targetP,, the
addition of nitrogen in théHe targetDy,, the dilution from accidental background everigack,
contributions from inelastic pion productioDy, and reductions from nuclear effecBss;.

At JLab beam polarizations ¢heam= 0:85 are routinely achieved. The polarizéide target
has been operated at average values of aBgut 0:50 during experiment E02-013. Plans to
continue to improve the maximum polarization by the pokdi3He target groups are underway,
with the expectation of reaching 0.65. The total spifteé is mainly carried by the neutron, so a
polarized®He target represents an effective polarized neutron tafgemany authors have shown
[51, 52, 53, 54, 55, 56, 57], even for a 100% polariZeé nucleus, the neutron itself has only a
polarization of 886 0:02. Additionally, the protons in polarizetHe nuclei are not completely
unpolarized, but carry a polarization 00:028 0:004. The presence of nitrogen in the target cell
leads toDn, 0:94, and background events leaddg,ck= 0:95 (see Sec. 4.3 and 6). Final state
interactions can reduce the asymmetry by a factor of 0.95. Contributions from inelastic pion
production may change the asymmetry by approximately 20%,reeeds to be evaluated from
experimental data.

The measured asymmetry from the neutron can now be exprassed

Aexp= Poean3rePnDN,DpDrsiAphys (12)
with
B 2IO t(t + 1) tan(g=2)GE Gy, sinq cosf
Aphys = (GR)2+( GY)2(t + 2t(1+ t) tar’(q=2))
2t 1+t +( 1+ t)2tar?(g=2) tan(g=2)(GY,)%cosq
(GR)2+(GR)a(t + 2t(1+ t)tark(g=2))

(13)

By aligning the target spin perpendicular to the momentumsfiexr, one gets the perpendicular
asymmetry: D
G 2 t(t+ 1tan(g=2)

Gy (GR=G],)%+(t + 2t(1+ t) tar’(q=2)) |

2 =

(14)

Because(G'g:G”,\,l)2 is small compared to the second term of the denominator irkinematics,

£ is nearly proportional t@\, . To extractGg out of this ratio, knowledge 0By, is necessary.
At present theQ? = 10 Ge\? Gy data [26] would introduce a 20% error @}, which is near the
sum of all other contributions to the uncertainty. The aateiextraction of5§ will have to rely
on future highQ? Gj, measurements.

Due to the large acceptance of the BigBite spectrometer andetb&on detector array, the

perpendicular spin alignment can only be made for part oatfeeptance, and longitudinal contri-
butions to the asymmetry have to be taken into account

2tIO 1+t +(1+ t)2tar?(gq=2) tan(q=2)

A= (GE=aZ+(1+ 2(1+ HtarR(g=2)):

(15)

With the ability to reconstruct the scattering angles amdrttomentum transfer, and a well mea-
sured magnetic holding eld for the target, these corrawiare under control.

12



The above discussion described scattering from a free onicl€he general case of electron
scattering from a bound nucleon was also analyzed by Donill. Additional components,
which appear in the cross section, are nulled when the ceasi®n is integrated over the azimuthal
angle of the nucleon momentum relative to the direction efttomentum transfer and the electron

scattering plane. The remaining differences between the cha free and a bound nucleon will
be addressed in Sec. 5.

13



4 Experimental Setup

As illustrated in Fig. 7, this experiment will study the deaing of longitudinally polarized elec-
trons from a transversely polarizétie target held in a vacuum. The scattered electron will be
detected in the BigBite spectrometer with a modi ed electretedtor stack. A dipole magnet
acquired from Brookhaven, 48D48, which we dub BigBen, will d& eecoiling protons and a
scintillator array, matched to the BigBite acceptance, véllised to detect the recoiling nucleon.

We will also make use of enhanced target cells to ensure apperformance during the ex-
periment. The BigBite spectrometer GEM chambers are prgsenthe design and prototyping
phase and the gas Cerenkov currently being commissionetddrransversity experiment, E06-
010/E06-011, and?, E06-014. The calorimeter con guration will remain ides#l to that used in
earlier experiments.

The neutron detector will use existing and new neutron tartsyill have a design very similar
to that used in the previousg experiment, E02-013. The following subsections descrbaare
detail the modi cations and additions necessary to carmtlos experiment.

BigBen
(Not to scale)

Neutron

Polarized Arm

3He Target

GEM x2
BigBit?\ /
Magnet
Preshower/

___— Scintillator/
Shower

Beamline

Cerenkov

Figure 7: Layout of the experimental setup (not to scale).

4.1 The CEBAF Polarized Beam

In our rate calculations we have assumed&0f beam with 85% polarization. The beam polar-
ization will mainly be measured with the Hall A Mgller polareter, which is able to measure this
quantity with a systematic uncertainty of 3%. This uncettacan be improved by calibrating the
Mgller polarimeter against the Compton polarimeter, whisélf has only a systematic uncertainty
of 1.4%.

14



4.2 The Polarized®He Target

The polarized target for GEN-II will use the technique offrspkchange optical pumping, the same
technique that was used for GEN-I (E02-013), as well as thergpolarized®He experiments
conducted in Hall A. At rst glance, the proposed target fdEKE-I| appears quite ambitious. The
target we describe below will provide an effective lumitpsoughly 15-16 times larger than was
the case during GEN-I, and 7-8 times larger than3He experiments that are running at the
time of this writing. The fundamental advancements that pribvide the improved luminosity,
however, have already been largely demonstrated. Whanhgiisshes the GEN-II target from
previous polarizedHe targets is that it takes better advantage of the prognessias been made
in recent years.

There are ve distinct factors that play a key role in makihg GEN-II target possible:

1. The introduction of alkali-hybrid mixtures to greatlychease the ef ciency with which the
angular momentum of photons is transferredtie nuclei.

2. The introduction of greatly improved diagnostics thaingienot just polarimetry of théHe,
but also polarimetry of the alkali-metal vapors as well &sdhiect measurement of the alkali-
vapor number densities.

3. The advent of commercially available line-narrowed kiglwer diode-laser arrays.

4. The recognition of the presence of a poorly understoodmaasurable3He spin-relaxation
mechanism that can be characterized by something that hastodbe called the “X-factor”.

5. The demonstration of convection mixing in sealed targés evith no moving parts.

Of the above mentioned points, only the rst, the use of alkgbrid mixtures, was employed
during GEN-I. By itself, however, this made it possible to ntain a target polarization of roughly
50% with 8uA of beam on target, considerably better than the range ofthiity to low-forty
percent polarizations that had been achieved previousigr # GEN-I, spin-exchange polarized
targets generally used a single alkali metal, rubidiumhgngpin-exchange process. When using
rubidium, the ef ciency with which angular momentum makesway from circularly polarized
photons t®He nuclei is only a few percent. Alkali-hybrid technologyaives the use of a mixture
of rubidium and potassium. Potassium, it turns out, is muchenef cient at transferring its
electronic polarization tdHe nuclei through spin exchange. When alkali-hybrid mixsuaee
used, the ef ciency with which angular momentum is transfdrcan be as high as 20-30%. This
single advancement made it possible to achieve unpreastitarget performance during GEN-I.

The second and third advancements listed above have @sult@provements to target per-
formance that are at least as signi cant as those that wdreaed by employing alkali-hybrid
technology. For the rst time, we have begun making targdisdbat regularly (in theanajority
of those tested) achieviéle polarizations in excess of 70%. Two factors have cortiithto this
improvement. First, we have optimized the ratio of potasdio rubidium, a process that required
more sophisticated target diagnostics. Secondly, we hagarbusing a new type of commercial
line-narrowed high-power diode-laser arrays. Among othieigs, the new lasers make it possible
to maintain alkali-vapor polarizations near 100% even ay Yegh alkali number densities. The
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polarized®He experiments that are currently running in Hall A are betiieg from these develop-
ments. The transversity experiment, for instance, is mopmiith polarizations well in excess of
60% despite the fact that the experiment requires frequigping of the®He polarization direc-

tion, which causes signi cant loss of polarization.

The fourth and fth advancements are of particular relewataccGEN-II. With the implementa-
tion of advancements 1-3, the rate at which we can poldHzeenuclei is suf cient to overwhelm
rapid depolarization due to the electron beam, even at hégimbcurrents of tens of microamps.
As we will show below, however, the basic target-cell desfmat has been used at JLab in recent
years has an intrinsic limitation. THéde is polarized in an upper “pumping chamber”, whereas
the electron beam is incident upon the polarized gas in arlttasget chamber”. The connection
between these two chambers has historically been accdraglissing a single glass tube, referred
to as the “transfer tube”. The mixing of gas between thesedihambers has been dominated by
diffusion, and characterized by time constants on the artld9—40 minutes. While these mixing
times have been quite adequate in the past, we are now abtdaize the gas so quickly that
a substantial polarization gradient exists between thepmgnchamber and the target chamber.
This polarization gradient would be unacceptably largehatdurrents at which we plan to run
GEN-II. To solve this problem, we have developed a new tepiain which convection, not dif-
fusion, causes the mixing of the gas. This is the fth advanest mentioned above. Finally, the
fourth advancement (which chronologically came earlieds the identi cation of a previously
unrecognized relaxation rate. This discovery, made by TWalker's group at the University of
Wisconsin, has made it possible for us to understand thevimehaf our targets at a level of detail
that was not previously possible. For the rst time, we arkedb make measurements in our lab
that allow us to predict with considerable accuracy the biendahat we see under full operating
conditions.

In summary, the high-luminosity GEN-II target is based aimentirely on ideas that have
either been demonstrated previously in Hall A, or ideas Hae subsequently been tested in
our lab. The “Transversity” experiment currently runnimgHall A already has bene tted from
polarizations as high as roughly 70%. With a few additioratéires, The GEN-II target will be
able to run with 60% polarization even with a beam currentpf& and an increased target length
of 60 cm instead of 40 cm. The key new features that will mak@gsible to go to high currents
include a cell that utilizes convection to enable rapid mixia metal target chamber, and a larger
pumping chamber that will provide a bigger reservoir of piaked gas. The target will use ten
spectrally-narrowed high-power diode-laser arrays. We titat some polarizetHe experiments
at JLab have used as many as seven lasers in the past. Invaittothe substantive advances that
have occurred with polarizetHe targets in recent years, the GEN-II target is actuallyanagry
ambitious jump at all. Rather, we are planning to take adggntd improvements that already
exist.

4.2.1 The principles behind the GEN-II target

The polarizedPHe target is based on the technique of spin-exchange opticaping which can
be viewed as a two step process. In the rst step, an alkalahvapor (in our case containing a
mixture of potassium (K) and rubidium (Rb)) is polarized byio@ pumping using radiation from
alaser. In the second step, the polarized alkali-metal stmilide with the’He atoms, transferring
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their spin to theéHe nuclei through a hyper ne interaction. For the polariZet targets that have
been used at JLab both the alkali vapor and®the are contained in sealed glass cells, an example
of which is shown in Fig. 8.

Photo Credit: A. Gavalya

Figure 8: Shown is one of the glass polariZéte target cells used during GEN-I (E02-013).

If the diffusion time between the pumping chamber and thgetachamber is fast enough that
it can be neglected, the time dependence ofHhe polarization has a particularly simple form

_ Gse (et O .

Phe(t) = Pa W 1 e @9 ) (16)
wherePye is the nuclear polarization of thide, Pay is the polarization of the alkali-metal vapor,
Ge is the rate of spin-exchange rate between3He and the Rb, an¢ is the spin-relaxation
rate of the>He nuclei due to all other processes. The fa¢fior X) accounts for what is now a
well-established additional relaxation mechanism whaesgnce has been empirically established
but whose origin is unknown [58]. The factft+ X) has the form given because the additional
relaxation mechanism has been seen to be roughly propaftmthe alkali-metal number density.
We note that the factorX” can be measured for any particular cell, and is one of thenties
that we have begun to measure for the various target cetlsviharoduce.

The spin exchange rate can be written

Ge= fpo(kSIK]+ KEDIRDI); (17)

where fpc is the fraction of’He atoms that are located within the pumping chamkifkR?) is
the constant characterizing spin exchange betwetnand K(Rb), and [K]([Rb]) is the number
density of K(Rb) atoms within the pumping chamber. It can Engbat in order to achieve high
polarizations, we must have the relaxation r@te< g In principal, if the alkali-metal num-
ber density can be made arbitrarily high, thée polarization can approach the limiting value of
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Pak=(1+ X). In the past, the highest alkali-metal humber density tloatct be maintained at
something approaching 100% was strongly limited by thelalvbs laser power. By using alkali-
hybrid mixtures and line-narrowed lasers, however, it & possible to use very high alkali num-
ber densities.

The spin relaxation raté contains several contributions and can be written

G= Guail + Guik*+ Goeam (18)

whereGyay is spin relaxation due to collisions between ftrée atoms and the container walls,
Goulk IS spin relaxation due tBHe-3He collisions, and3,eamis Spin relaxation due to the electron
beam. For our target cells, the time constant associatédspin relaxation due to wall collisions
and bulk effects(Guan + Goui) 1, is usually in the range of 20—40 hours. The beam depolivizat
rate has been studied both theoretically [59] and expettiatigri60] and is given by

Goeam= ( 76,292 cnf=g) r pe Ltc JpeanNHe; (19)

wherer pe is the mass density dHe in the target chambdlr;. is the length of the target chamber,
JheamiS the beam current in particles per unit time, &g is the total number ofHe atoms in the
target. The time constant associated with with beam deigatéon, (Gyeany * Was on the order
of 100 hours during GEN-I. For GEN-II, for our proposed tdrgen guration, it will be about
20 hours at 6pA. The GEN-II target incorporates two features that suppregpolarization due
to the electron beam. First, convection-based mixing wallused to eliminate the polarization
gradient between the pumping chamber and the target cha®beondly, the pumping chamber
will be substantially bigger, providing a large reservairpolarized gas. The GEN-II target is
based on a design in which 6.8 STP liters of gas are polarirecontrast, the GEN-I target was
based on a design in which 3 STP liters of gas were polarized.

4.2.2 The GEN-I polarized®He target and subsequent studies.

The gure of merit for the polarizedHe target during GEN-I was the highest that had ever been
achieved by a polarizetHe target during an electron scattering experiment. Theegif merit for
the current “Transversity” experiment is even higher stillt as only on-line data are available at
this time (the experiment is still running at the time of thisting), we will restrict our comments
on the Transversity targets to measurements made in out dYea The polarization achieved as
a function of time for the GEN-I cell “Edna”, used for the majp of our data taking, is shown in
Fig. 9. The polarization of the target was near or even aboe&0% level for more than 50 days
of running with beam currents that were typically abogwA8 The polarization was well above
the 40% level assumed in the original GEN-I proposal. Funtfeee, while we ran at @A, there

is little question that the target would have performed vaell2uA, the original design current.
There were several factors that contributed to the higlopeidnce we observed, but central among
them was the use of alkali-hybrid technology, the rst tinhéstapproach was used in an electron
scattering experiment.

The physical con guration of the GEN-I target is illustrdtan Fig. 10. The magnetic holding
eld for the polarized®He was provided by a soft iron box that was magnetically exciising
several sets of coils. This technique was economical in #eeaf space and was effective in
reducing magnetic eld gradients that were held below 10 am&/ The glass target cells were
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Figure 9: The polarization (in the target chamber) of Edhe,target cell with which the majority of the data were
obtained during GEN-I (E02-013). The gure of merit of Edsauinprecedented in the history of the use of polarized
3He during an electron scattering experiment.

mounted on a movable target ladder (shown at right in theegtinat could be moved in and out
of the beam as needed while continuously illuminating thgetacell with laser light. The laser

light was provided by several high-power diode-laser ariénat were outside of Hall A, and the
light was transported to the target using optical bers. Whiie exact geometry of the target for
GEN-II has yet to be worked out in detail, the experience ggituring GEN-I make it clear that

we will have no dif culty operating in the high fringe eldsfahe BigBite (electron arm) and

BigBen (neutron arm sweeping magnet) magnets. This is phatigirue because during GEN-II,

as will be described more in the next section, we plan to rédlexequirements for magnetic- eld

homogeneity for the target chamber. The GEN-II target w8bause a ber-optic-based optics
system that builds on the system developed for GEN-I ancentlyrin use for the Transversity

experiment.

Despite the excellent performance achieved during GEReret was an aspect of the GEN-
| target-cell design that limited its performance. As desed earlier, the pumping chamber, in
which spin exchange takes place, and the target chambeugihmwhich the electron beam travels,
were connected by a single glass tube referred to as thesfénatube”. Mixing between the two
chambers occurs largely because of diffusion, and was ctesized by a time constant of around
30—-40 minutes. Historically the length of this time const@id not signi cantly limit the target's
performance, as the time constants characterizing patasizwere much longer, around 20 hours.
During GEN-I, however, because of the very ef cient use afelalight, it was possible to run
the target in a mode in which the time constants characberitie buildup of polarization were
on the order of six hours. When the electron beam was incidenth® target and thus causing
depolarization, diffusion limited the rate at which the graation in the target chamber could be
replenished by the pumping chamber. This caused a sigrti palarization gradient between the
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Figure 10: Shown are engineering renderings of the polardkte target used during GEN-I (E02-013). At left is
an overview of the entire target, the largest feature bdiegsbft iron box that, together with several coils used to
magnetically energize the box, provided the magnetic hgldeld. Also visible on the left is the optics system
(contained in three boxes mounted on top of the target) tluatigied circularly polarized laser light to the target. On
the right is a close-up of the target ladder.

pumping chamber and the target chamber. Fig. 9 shows thazailan as measured in the target
chamber to be in the range of 47-52%. The polarization in thmeging chamber, however, was
typically about 4.5% higher, or 51.5-56.5%.

The phenomenon of polarization gradients between the pugrghiamber and the target cham-
ber is something that we have now studied extensively at BvVan in the absence of the passage
of an electron beam through the target chamber, the polemizgradient can be quite signi cant.
An example of the effect is illustrated in Fig. 11, in whicletpholarization of both the pumping
chamber (upper trace) and target chamber (lower trace)hangnsas a function of time. In this
particular test the cell was being run quite “hot”, that e time constant characterizing the spin-
exchange time constant in the pumping chamber was arounti@ws. For this particular study,
the gradient between the pumping chamber and the targetbdramas around 7%. Polarization
gradients have important implications if one is interestedinning signi cantly higher beam cur-
rents. No matter how quickly gas can be polarized in the pogphamber, the polarization in
the target chamber will be limited if the gas does not movecaritly quickly between the two
chambers. We have solved this problem using a new approadd fwan convection that will be
discussed more in the next section.

The study of polarization gradients illustrated in Fig. 4 but one example of an extensive set of
studies that have been performed at UVa in the time peridéoMiolg GEN-I and in preparation for
the current set of polarizetHe experiments that are running in Hall A. Perhaps the meshéltic
result of these studies was the establishment of polavizaithat were consistently 70% or better.
As mentioned earlier, there were two closely interactiroggdes that contributed to the big increase
in target performance. One was the careful optimizatiomefttybrid technology using a new set
of diagnostics that made it possible to measure not just tioéear polarization of théHe, but
also the polarization and number densities of the Rb and Krvape other was the opportunity
to use, for the rst time, high-power diode-laser arrayshngpectral widths of around 150 GHz,
much narrower than than the roughly 1000 GHz spectral widtie lasers we had been using
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Figure 11: Data on the polarization of the target cell Simasa function of time together with ts from a model that
incorporates the effects of polarization gradients duééditnited rate of diffusion between the two chambers of the
target cell. The upper trace shows the polarization in theging chamber and the lower trace shows the polarization
in the target chamber. This gure illustrates the necessiitysing convection instead of diffusion for targets thait wi
be used in high-current electron beams.

previously. With our optimized target cells, the new lasarsl our improved diagnostics guiding
us, we saw huge improvement in target performance. Perteghoball, we have established the
most detailed understanding of the physics occurring withir targets that we have ever had. This
last point is critical, because it makes it straightforwardesign an appropriate target for GEN-II.

4.2.3 The GEN-II High-Luminosity Target Cell

The high-luminosity GEN-II target cell represents a ndtesalution of the GEN-I target cell,
but incorporates two critical new features. First, insteadelying on diffusion to move gas be-
tween the pumping chamber and the target chamber, the newl{zfeMNs will utilize convection.
Second, the GEN-II target cells will be constructed out ahbglass and metal. Speci cally, the
pumping chamber, in which the optical pumping and spin emgbkdake place, will be constructed
out of glass, and the target chamber, through which therelegiasses, will be constructed out of
metal. Taken together, these two new features will makessiade to run the new target at very
high currents. A rough conceptual design of the GEN-II taogdl is shown in Fig. 12.

Ever since adopting alkali-hybrid technology, the rate hiolv3He nuclei are being polarized
in our targets is suf cient to compensate for a considera®unt of beam depolarization. As
discussed in the last section, however, the rate at whichrigedd gas in the pumping chamber
moves into the target chamber is limited by diffusion. UpHis point, all polarizedHe cells used
at JLab have had a geometry similar to that of the cell degiict&ig. 8 in which a single “transfer
tube” connects the pumping chamber to the target chamb#re IGEN-II cell geometry, however,
two transfer tubes are used. With this geometry, one of Hresfer tubes can be heated in order to
drive convection, and the gas in the two chambers can be naigeplickly as is desired. In fact,
once control is established over the mixing times, the pagiphamber and the target chamber can
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Figure 12: A conceptual design for the GEN-II target cell.oTinansfers tubes connect the pumping chamber to the
target chamber to make it possible to drive convection betwvtbe two cells. Also, the upper portion of the cell is
made of glass, whereas the lower portion is made of metahatyg gold plated aluminum. The two sections are
connected to one another using a ange system that captgaskat made of either indium or gold.

be physically separated by substantial distances, andteeemagnetic elds of the two regions
can be controlled independently.

The second feature that distinguishes the GEN-II cell fresnpredecessors is the use of a
metallic target chamber. Our experience suggests that sdtaething like 3—-6 weeks of beam
in the range of 5 8pA, our all-glass target cells tend to explode. There is gfrevidence that
these catastrophic failures occur because of radiatioradama problem that is certain to get
much worse with substantially higher beam current. With aame@arget chamber, however, the
portion of the target that sees high radiation becomes goittest. While we have not previously
used metal in oufHe targets, it is important to point out that we have consitller experience
using metal in theé’He polarizers that our group has constructed for medicabinga In this
work, we have found aluminum to be particularly benign frdra perspective of spin relaxation.
In our medical applications, however, tRide nuclei spend less time in contact with metal then
will be the case in the GEN-II target. We can glean some irisigbwever, from data taken by
Ernst Otten's group at Mainz who measured a spin relaxaatnof =6 hours on aluminum, and
1=20;hours on gold [61]. Many of our target cells have intrinsisgelaxation times on the order
of 1=25;hours, only marginally better than the wall relaxation ioéld by gold. Furthermore, in
the GEN-II target, théHe gas will be continually circulating because of the cotieecand will
only reside in the metal target chamber something like 20%h®time. Our group has had quite
favorable experience working with gold coating in opticahgping applications. Thus, based on
both our own past experience as well as that of the group ataie are planning to use a gold-
coated aluminum target chamber. For the glass-to-methlseavill employ a large glass ange
coupled to a large metal ange that collectively will sandtian o-ring. Our rst choice would
be an o-ring made of either gold or indium. We note, howevett the cells we use for medical
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imaging all contain a polymer-based o-ring, and that is aepiable solution. In summary, the
challenges associated with the GEN-II target cell are nbkerhe issues that we have already
successfully faced in the context of medical imaging. Somekbpment work will be required,
but the important underlying materials issues, such asgimerslaxation properties of the needed
materials, have already been addressed.

4.2.4 Convection Tests in a Prototype GEN-II Target Cell

As has already been emphasized, the success of the GENyél talies critically on our ability
to circulate the polarized gas between the pumping chanmukthe target chamber using convec-
tion. Indeed, this is the enabling technology for the GENalget, because it allows us to use a
sealed cell with no moving parts. We thus felt that demoftisgaour ability to drive convection
would remove important uncertainties regarding the GENuigiet design. With this in mind, we
constructed an all-glass sealed cell that approximatesasie geometry of the GEN-II target. The
dimensions were chosen not to correspond to what we woutdatkly like to build, but rather so
that the test cell could be fabricated and tested using astiey apparatus. The resulting cell is
shown in Fig. 13.

Figure 13: The rst prototype “convection-driven targetlcéMade entirely out of glass, this cell approximates the
geometry of the proposed GEN-II target-cell geometry arkisg used to prove the concept of mixing the gases of
the pumping chamber and target chamber using convection.

To drive convection, a small hot-air driven heater was atdco the right-hand transfer tube
leading out of the pumping chamber. To detect and charaetdre convection, a small slug of gas
was “tagged” by depolarizing it using a short pulse of resbiRF delivered by a small “zapper
coil” that was wrapped around the left-hand transfer tullee movement of the tagged slug of gas
was tracked using a set of four “pick-up coils” that were gghequally along the length of the
target chamber. A photograph of the instrumented prototgtieas shown in Fig. 14.

Representative data from our tests are shown in Fig. 15.=A0, a pulse of RF was delivered
by the zapper coil, creating a depolarized slug of gas. Therigation of the gas passing through
the four pick-up coils was monitored by making an NMR measaets every 5 seconds using the
technique of adiabatic past passage. Each of the four dedslg shows the passage of the depo-
larized gas as evidenced by the time dependence of the neelgsolarization. The rst transient
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Figure 14: The prototype convection-driven target cellieven instrumented for tests. As described in the text, a
“zapper coil” is used to tag a slug of gas, and four pick-udscoionitor the movement of the tagged slug of gas
through the target chamber. The speed of the convectiomisatied using the “convection heater”.

of reduced polarization appears in coil #1, the most upstreail. Transients subsequently appear
in each of coils #2—#4. It is interesting to note that thegrant is relatively narrow as observed by
coil #1, but broadens when observed by each successiveltadl.is because diffusion is causing
the slug of depolarization to spread out. Finally, we not the data are of suf cient quality that
we can compute the speed of the gas, which in this case, wasd® cnsmin.

We were able to control the speed with which the gas moved hystidg the temperature
of the heater attached to the left-hand transfer tube. The sfgown in Fig. 15 were taken at
50 C. In Fig. 16, we show the results of measurements correspgrdi setting our heater at
temperatures between roughly 8land 67C. Gas speeds in excess of 30zmn were observed.
At such speeds, the gas in the target chamber will be replatbadew gas every two minutes,
roughly 20 times faster than was the case during GEN-I. Th@ications of using convection-
driven polarized®He targets are quite profound. First, we are no longer lighitethe speed with
which we can replenish gas that has been depolarized bydbt@t beam. In addition, however,
we are for the rsttime in a position to physically separdte tegion in which théHe is polarized
from the region in which thHe serves as a target. Among other things, this providesaenable
exibility in the manner in which we generate magnetic holgi elds, a matter that we will return
to shortly.

4.2.5 Choosing Design Parameters for the GEN-II High-Lumimsity Target

Using nothing more than the formalism presented earlidnértarget section, it is straightforward
to compute the expected performance for a given target nedigany of the inputs are quite
unambiguous, such as target cell geometHe density, and the expected depolarization due to
interaction with the electron beam. Some of the inputs aeeigpto a given cell, such as the
intrinsic spin-relaxation rate associated with a partictarget cell, and the value of the so-called
X factor that characterizes the now well-established butlpamderstood relaxation mechanism
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Figure 15: Shown are NMR signals from the four equally-sgagiek-up coils that were mounted on the target
chamber as a function of time where 0 corresponds to the creation of a depolarized slug of gas.#Cavas the
most upstream coil, given the expected direction of ow. MBignts corresponding to the passing of the depolarized
gas are clearly visible (in the expected order) for each efdhir coils.

35

Convection Test 11/17/2008
T

30

= N N
3 o a

N
o

3He Velocity in Target Chamber (cm/min)

0 I I I I I I I I
25 30 35 40 45 50 55 60 65 70

Heated Transfer Tube Temperature (C)
(Second Transfer Tube Cooled to 24 C)

Figure 16: The measured speed of the gas moving throughrties thhamber is plotted as a function of the temperature
of the “convection heater”. At 30cns, the gas in the target chamber is replaced every 2 minuteghly 20 times
faster than was the case during GEN-I.
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that scales with alkali density. While these values are ¢etisc, we have measured them on
a suf cient number of cells that we know with con dence whatachievable. Finally there is
laser power, along with its implications for the maximum rhendensity of alkali-metal atoms
that can be maintained at very high polarization. In prilgiphe literature contains suf cient
information to compute the required laser power for a paldicset of operating conditions. We
believe, however, that a more conservative approach igtouiate an estimate based on scaling.
We present in Fig. 17 (in the right-hand plot) the predictedgrmance for the GEN-II target.
With a beam current of §0A, a target-chamber length of 60 cm, an intrinsic cell-sesgpin-
relaxation rate of 225 hrs, and anX “factor of 0.15, we predict a target polarization of 62%. For
comparison, we have also calculated the expected polamzata cell similar to what is currently
being used in the “Transversity” experiment, but aj#80 Assuming diffusion to be in nitely
fast, the expected polarization would be around 45%. THerdifice is that the GEN-II target
incorporates a large reservoir of polarized gas in the pagiphamber, ensuring that tfraction
of 3He nuclei being depolarized is smaller than would othenbis¢he case. | note also that we
have assumed in this comparison that the target chambehlehthe Transversity-type cell was
60 cm (not the actual length of 40 cm) so that the absoluteafddeam depolarization would be
the same for either target. Finally, when we calculate (hot) the polarization that one would
expect during the existing Transversity experiment, wergaghly 70%, just as observed, at least
when the target polarization is not being rapidly ipped band forth.

Beam current = 60 microamps Beam current = 60 microamps
Target volume = 2.03 liters Target volume = 6.76 liters

0.448068 is max polarization 0.620376 is max polarization
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Figure 17: Shown are calculated “spin-up” curves for cefislar to those being used in the Transversity experiment
(at left) and a cell with characteristics such as are plafime@EN-II (at right). For the GEN-II design, a polarization
in excess of 60% is achieved at a beam current @60

4.2.6 The Physical Con guration of the GEN-Il Target

Having established the feasibility of running the GEN-Hget at high luminosity, we include here
a few comments on other aspects of the design.

First, the target chamber of the cell, that is, the metathidipn of the sealed polarizétHe target
cell, will sit in a vacuum. While this has not been the practitdLab, we note that the polarized
3He target cells used in both E-142 and E-154 (two experiman&LAC that studied the spin
structure of the neutron) sat in vacuum. At SLAC, howeves thas quite challenging because

26



it meant that even the oven that provides heat to the pumgiagber needed to sit in vacuum.
The GEN-II target, however, will have a metal target chamBdemill thus be straightforward
to have the target chamber sit in vacuum while the pumpingntiea, along with optics, NMR
components, etc., sit outside the vacuum.

Next, we comment on the magnetic holding elds. For GEN-IE will only perform NMR
measurements on the pumping chamber, not the target chaiis¢orically, the magnetic eld
homogeneity requirements for the JLab polariZeté targets have been driven by the need to
minimize polarization losses during NMR measurementss Will still be true for the pumping
chamber, but not for the target chamber. Assuming that wa teéding eld of roughly 20 Gauss,
the homogeneity requirement for the pumping chamber witbioghly 5-10 mG/cm. For the target
chamber, however, the requirement will be roughly 200 mGa&factor of 20—-40 less demanding.
Furthermore, we plan to control the magnetic eld at the ¢éarchambeindependentlyrom the
magnetic eld in the pumping chamber. The two elds can evennp in arbitrarily different
directions. It will take roughly 2—3 minutes for gas to trefrem the pumping chamber, down
through the target chamber, and back into the pumping charfilés is more than enough time
for the spins to adiabatically follow the magnetic eld tlugh an arbitrary change in direction with
negligible loss of polarization. One of us (Cates) used dggdlrthis technique in an experiment
at Los Alamos in which polarized muonitéle was produced by stopping muons in polariZkie
gas [62]. The holding eld for théHe was adiabatically rotated once every two minutes by 180
and no measurable loss of polarization was detected. Fisatlce the magnetic eld surrounding
the target cell can point in an arbitrary direction, it casoabe ipped at will. If done suf ciently
smoothly, we believe it should be trivial to ip the magnetad of the target chamber in ten
seconds or less. We note the limitation on the ipping speeithput polarization losses) comes
not from quantum mechanics, but from the smoothness witlciwtiie ip is accomplished. For
the SIDIS experiment, we plan to ip the target direction erevery two minutes, losing less than
10% of the data-taking time in the process.
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4.3 The BigBite Spectrometer

Scattered electrons will be detected in the BigBite specttem@ig. 18). BigBite is a non-
focusing large momentum and angular acceptance specepthat was originally designed and
built for use at the internal target facility of the AmPS riagNIKHEF [63, 64]. The spectrom-
eter consists of a single dipole magnet (with magnetic gdgraximately 12 T) and a detection
system. The current electron detector package includes gets of multi-wire drift chambers, a
gas Cerenkov detector, a segmented lead glass calorimeteo parts knows was the preshower
and shower, and a plastic scintillator plane between thevehoSummed amplitudes over the
preshower and shower form the trigger.

MVDC
GEM 500x2000
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Figure 18: The BigBite spectrometer with proposed detestirk.
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4.3.1 GEM Chambers

To cope with the high rates for this experiment, the driftrobars will be replaced with gas elec-
tron multiplier (GEM) detectors [65]. These detectors hanaven to be capable of operating under
luminosities of 25 kHzmn? for the COMPASS experiment at CERN [66] and the spatial resolu-
tion of each of these chambers is anticipated to be aboutiZ®-or two sets of two GEM chambers
separated by a distaneggy and including multiple scattering effects, the angulaohason of

the drift chambers can be approximated by

2 : _ 2
(dg)? = zés X_ 4 13.SCI\F/)IeVp x=Xp[1+ 0:038In(x=Xo)] (20)
EM

wherebc is the velocity of the electronp is the momentum of the electron, amdX; is the
thickness of the scattering material in radiation lengths.
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For small de ection angles from a dipole magnet, the de estangle,q, and the momentum,
p, are related by the equation

RB dl
p= eT (21)

R
where B, dl isthe eld integral for the path of the electron. For electsamf momentum 3
4 GeV and a eld integral of D T m, this would yield a typical momentum resolutiondyg=p
0:5%.

Figure 19: The BigBite spectrometer with the current etactietector stack.

In order for us to accurately determine the scattered ele'stangular coordinates, momentum,
and the position of the scattering vertex along the tarpetoptics of BigBite need to be studied.
Data from a multi-foil carbon target and a removable leadesiecated at the front face of the
magnet provide an accurate method to calibrate the angutedinates before magnetic de ection
and a beamline scattering vertex position. Data from el&stincidencee p scattering from a bl
target will provide data to calibrate the electron momenand will be performed for each beam
energy setting. As the kinematics for quasielastic andielssattering are similar, this provides the
most ef cient and reliable method for calibration. With theve plate in place, it also eliminates
the need foB = 0 eld data, which was proven dif cult to extract due to prditively high rates
of otherwise de ected low energy patrticles.

4.3.2 Simulation of BigBite

Two packages of programs for the simulation of the BigBite speteter characteristics were
developed independently by V. Nelyubin [67] and S. Riordaor.tRis experiment, the momentum
of the scattered electrons will be approximatel§ Ge\V=c for theQ? = 10 Ge\? point, leading

to an expected momentum resolutiondpfp of about 0.5%. The expected position resolution on
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target along the beam $s= 4 mm, and the expected angular resolution in both scatt@tames is
better thars =0.3 mrad.

Additional MC studies were done to evaluate the parametetfseqproposed experiment. The
range ofQ? accepted by the electron arm is shown in Fig. 20. The solideaofythe electron
arm for different positions along the target is shown in ). The average solid angle for our
maximum electron energy is about 44 msr.

Q?for °He, W?< 1.5 GeV?, p . l< 100 MeV, |p 1 GeV| <2 GeV

mis:
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Figure 20: The momentum transfer range accepted in the Rigipiectrometer for th@? = 10 Ge\? point.

4.3.3 Background Rate in BigBite

Several MC simulations [68] and real data sets [36] were tmetthe calculation of the rate on the
BigBite detectors. Charged particles with momenta below 30¥/&levill be de ected entirely
out of the acceptance by the BigBite dipole. The majority ofrghd background particles with
momentum above 300 MeV/c ape , and for pions near quasielastic electron momentum, are
about a factor of 3 higher in rate than electrons (Sec. 6.2th ¥ overall pion rejection factor of
10000:1, this number can be reduced to a negligible amount.

The total trigger rate on the shower/preshower with a tholeisbf 1:7 GeV is expected to be
about 2 kHz from a simulation based on pion production rates fa parameterization done by
Wiser [69], Fig. 22. This simulation when compared to the/jmesGZ experiment predicted rates
higher by a factor of 5, so this produces an upper limit on etquerates. Furthermore, adding the
Cerenkov into the trigger con guration to explicitly rejeptons and photons will be possible if
necessary.

A majority of hits in the GEM chambers will be produced by phg. To investigate the photon
detection probability a separate GEANT-4 code was used G geometry and materials were
chosen to be the same as in the COMPASS chambers. The probabiiroduce a secondary
electron in the drift gap of the chamber as a function of thergy of the initial soft photon is
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Figure 21: The MC simulation of the BigBite solid angle vexsiie position on target along the beam direction.
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Figure 22: Anticipated trigger rates for each setting.
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shown in Fig. 23. It is about 1§ at 100 keV and increases up to 4.0 2 at 1 MeV. Above 1
MeV the photon ef ciency (Fig. 24) increases but doesnt exc#%. In the same gures, bottom
panels, the probability for correlated hits in two or moraiiers is shown. This happens when
one photon produces secondary electrons in several chantbee can see that such a probability
is negligible for photon energies below 1 MeV, and the higsain the chambers are dominated by
uncorrelated random hits.

Using data from the Transversity experiment, E06-010, tviplaced BigBite at 30at 15 m
with a beam current of 1RA, the rate per 140 cm 35 cm chamber was 41 MHz. At our beam
energies, beam current, active area, target length, and @®igigitance, we expect an increase in
rate by about a factor of 13. Estimating the BigBite drift chamghoton ef ciency to be at most a
factor of 5 smaller than the GEM chambers, we anticipate anathvincrease in the observed rate
in the drift chambers to be a factor of 65, or a rate & KHz=mn?. This is below rates in which
these have been demonstrated to operate.

Using information from the shower and scintillator, theaane the GEM chambers to search
for tracks can be restricted by a factor of 10, leading to exiprately 26 false hits in a 100 ns
time window per plane. Current transversity tracking coderafes with a time window larger by
a factor of three and without using shower information, presg an overall background rate the
tracking must contend with higher by only a factor of two. §khould present no problem for
current BigBite tracking software.

Using rates of charged particles above 300 MeV, less thand@ents are anticipated to have
multiple tracks in the same region as the triggering tradke @andy components of these tracks
can be separated using the xeglane positions given by the shower and scintillator plane.

Figure 23: Top: Ef ciency of registration in a single chamhs a soft photon as function of its energy. Bottom:
probability for correlated hits in two or three chamberssaliby a single soft photon as function of its energy. Scales
are percent.
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Figure 24: Same as Fig. 23, but in the 1-10 MeV region.

4.3.4 Shower/Preshower

The electromagnetic calorimeter con guration consist$vwad planes of lead glass blocks which
which we call the preshower and shower. The preshower,ddcalbout 80 cm behind the rst
GEM chamber, consists of a 227 plane of 37 cm 8:5 cm blocks. The shower, about 1 m behind
the rst GEM chamber, consists of an 727 array of 8 cm 8.5 cm blocks. Sums over these
blocks form the physics event trigger for the experiment.

The preshower signal can be used to provide an additionddodetdf pion rejection. By select-
ing low preshower signals, a pion rejection factor of 1:50 ba achieved through optimization.
Despite higher particle rates, pion rejection performaseaticipated to be similar to that achieved
for Transversity, E06-010. By measuring the pedestal widtitsresolution for E06-010 and scal-
ing to this proposal’s conditions, overall relative energgolution for the detector is expected to
become worse by a factor ofl, to abouts e = 25%.

4.3.5 Scintillator

The BigBite scintillator plane will be upgraded from the cuntrelectron detector package to a con-
guration of 80 paddles in a plane, each with dimensions:1 ifa in: 60 cm. For the transversity
experiment, where BigBite is at 3@ising a shorter 40 ci#He target, and 1RA beam, the rate for
the scintillator plane was approximatelyeaViHz. Using this data to provide upper limits on the
rates seen for our experiment, scaling to current, a loragget, and bar active area, we anticipate
a rate of 270 kHz per bar. This plane will primarily be usedrovide a signal for nucleon time of
ight reconstruction. A time resolution of 200 ps is antiated.

4.3.6 Gas Cerenkov

The BigBite gas Cerenkov, consists of a tank with a maximum dep@® cm, with 20 spherical
focusing mirrors in a 102 arrangement. Each primary mirror re ects onto a secondaryor
and in turn focuses light into a 5:i®MT with a conical mirror to increase collection ef ciency.
Current commissioning has usedFgg as a radiator, however, with 1= 1.5 10 3, thep
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threshold is only about:8 GeV. For 12 GeV running, to provide a pion threshold & GeV, a
combination of about 50% C50% Freon-12 will be used.

For our conditions, the rate of electrons will be about 30 kithich in a 100 ns gate will
lead to a B% chance of a pion being misidenti ed by an accidental etect Using standard
calculations, for a charged pion near threshold, there id% @hance of producing @electron
above threshold. Combined, a pion rejection factor from theeev will be about 1:250, near

speci cations. Combined with a rejection factor of 1:50 fbetpreshower provides a 46verall
rejection.
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4.4 Neutron Detector

The original design of the neutron detector for this expeniris based on many considerations,
including detector acceptance, ef ciency, and backgrosagpression. For this experiment we
propose using a very similar setup to that which was used ;@E(B. There are several consider-
ations which are speci c to the conditions of the proposegeexnent:

The large kinetic energy of the neutron leads to the podsilof using high TDC thresholds
and for off-line analysis.

The relatively low luminosity for the polarizetHe target and the presence of the BigBen
magnet simpli es the background situation.

The high velocity of the neutrons demands the largest plesdistance from the target.

4.4.1 Structure of the Neutron Detector

This experiment is focused on large momentum transfer, evtier recoiling neutrons have kinetic
energies of 3.5 GeV, 4.4 GeV, and 6.3 GeV. Such large eneatjees a high detection ef ciency
for neutrons, and at the same time they allow us to applyivelgthigh thresholds to suppress
background from low energy particles. The previous detdatmut is presented in Fig. 25, similar
to what will be used. The overall dimensions of the neutran are 42 2:0 6:2 m®. The

BEE BEEREERE & |

= | e B =3
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Figure 25: Side view of the neutron detector in E02-013. Tiegular bars at the top will be replaced with bars similar
to the others in the plane.
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detector will have seven layers, consisting of 30 bars ofedisions 15 5 180 cn¥ in the
rst three planes. In the fourth through seventh layers hd®@ecounters. These counters have
dimensions 10 10 180 cn?. Each neutron bar is equipped with two photomultiplierse on
each end.

In front of every layer there is a 1.27 cm iron converter ta@ase the probability of a neutron
interaction in the detector. The front of the detector wéldovered by a segmented veto detector
protected by a 1.27 cm thick iron plate and:84cm thick lead plate. Between the veto counters
and the front layer of the neutron bars, there will be a 1.2hiok iron plate and a:®4 cm thick
lead plate from low energy particles.

4.4.2 Parameters of the Neutron Detector

The solid angle of the neutron detector is approximately 40 anh a distance of 17 m from the
target. The aspect ratio is 1:2.5. With such a geometry, theance of the neutron detector
nearly matches the acceptance of the BigBite spectrometer.

The time resolution is expected to e = 0:3 ns and was previously achieved in E02-013.
At a distance of 17 m, the 0.3 ns time resolution leads to araeunomentum resolution of
sp = 1.5 GeV=c for a neutron momentum of.® GeV=c. A missing perpendicular momentum
resolution of about 100 MeV is expected.

The horizontal intersection point of the neutron with theitnen detector will be determined
utilizing the time difference between the two phototubesaxfth neutron detector, while the vertical
intersection point will be de ned using the segmentatioriled neutron detector. A resolution of
about 10 cm was achieved in both directions.

4.4.3 Parameters of the Big Ben Magnet

The 48D48 magnet from Brookhaven will be acquired as part ®fSbper BigBite upgrade and
will be available for this experiment. It consists of a lagjpole magnet which provides a eld
integral of about Y T m, allowing for quasielastic protons to be suf ciently deted to allow
clear differentiation from neutrons. The active eld volarhas an opening of 4625 cm (vertical

horizontal), matching the aspect ratio of the neutron amd,adepth of 48 cm, Fig. 26.

The placement of this magnet will be6lm away from the target, which would normally inter-
fere with the beamline. To accommodate this, modi cation lse made to the iron yoke such
that the beamline will pass through the magnet itself, FIg.@EANT4 simulations show that the
the eld within this region will be 70 Gauss over 70 cm, andrnsadl enough such that de ections
of the beam towards the beam dump will not be problematic.

The eld con guration will be such that positively chargeamticles will be de ected upwards
away from the hall oor. For a eld integral of X T m, protons of momentum:8 GeV=c will
be de ected 80 mrad, which translates to a displacement@ini Including expected detec-
tor resolution, thepyiss, distribution will be similar to what was seen in E02-013, sdscof
Pmiss? < 100 MeV, will be appropriate. Monte Carlo simulations shovoatamination of charged
guasielastics to be negligible, Sec. 6.3.

The presence of the magnet also works to sweep low energgethaarticles from the target
away from the neutron arm. Particles of momentum less tharGeV will be entirely swept
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Figure 26: BigBen magnet schematic.

Beam
Beam line opening
A A

Right yoke L v

173"

Left coil /

92"
Target

Figure 27: BigBen magnet cuts such that the exiting beannfioees through the magnet.

outside of the neutron arm acceptance. This greatly redineeamount of charged low energy
background.

4.4.4 Expected Background Rates and Shielding

In the proposed experiment the A8 electron beam will pass through a 60 cm Iottge target.

The total thickness of the glass entrance window is r&0and the side window 1.6 mm. A large
majority of particles leaving the target in the directiortloé neutron arm are photons. For the rst
G2 experiment, which had no such bene t from a magnet, a ux of 0% Hz=cn? at 7:5 pA.

was observed. This corresponded to an observed rate pef Bhoat 300 kHz. From GEANT
simulations, a detector at 1with a 88 GeV beam is expected to have photons rates higher by a
factor of four versus a detector at 2%ith a 32 GeV energy beam. The neutron arm will be further
back, reducing the active solid angle by a factor of threeatatget of 60 cm instead of 40 cm
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will be used. With the addition of the BigBen magnet, the ratiélva decreased by an additional
factor of 5.

From the rstGg experiment, the rate on each neutron arm bar was about 30@iiaz a
beam current of ‘B pA. For our 88 Ge\? beam, we can expect a 1300 kHz rate, or a total ux of
1:3 109 Hz, which, with a nominal TDC deadtime of 50 ns, gives an ovetactronic deadtime
of 6:5%, within our tolerance.

4.45 Veto Detector

Plastic scintillator counters had previously been usedgtnguish neutrons from protons. With
the addition of the BigBen magnet, this method for identi catis no longer necessary. However,
these planes will remain in place and can be used for nornabhaletection.
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5 Helicity Asymmetry in 3He(e; ') and the Ratio of GR/G},

A full analysis of this subject requires calculations whark presently under development in Refs.
[71, 72]. Below we summarize the topics which are importagtedients in these calculations or
will be used to provide consistency checks and show pretinginesults of the calculations from
M. Sargsian.

5.1 Nucleons in the Nuclear Medium

There are several processes related to the in uence of thieamumedium on the structure of a
bound nucleon. One of the best known is the nuclear EMC effguth shows that the structure
function of the nucleus is suppressed at lafgierelative to that of the deuteron. While a de nitive
explanation of this effect is still elusive, it is clear thatgquantitative description of the effect
requires, in addition to the conventional nucleon and mesmmnees of freedom, some dynamical
effects involving sub-nucleonic degrees of freedom (sge €73, 74, 75, 76]). However, two
factors make the EMC effect controllable in the proposedsueament. First, in models where
the EMC effect is proportional to the virtuality of the boundcleon, which would potentially
lead to a distortion of the intrinsic structure of the bounatleon, the restriction to small values
of missing momenta and invariant mass will substantiallgpsass any such distortion and the
corresponding onset of the EMC effect. Secondly, the medsasymmetry will be less sensitive
to nucleon structure modi cations and the bulk of the EMCeeffwill be less revealed in the form
factor ratios.

Color Transparency (CT) is another effect (see e.g. [77]) Witian potentially hinder the
extraction of the neutron form factor at hig)f. This effect has been investigated in quasi-elastic
proton knock-out by electrons from nuclei f@2 from 1 to 8 Ge\f [78]. Such studies probe
the propagation of the nucleon through nuclei and test tfextedf the nuclear medium on the
proton knockout cross section. The aforementioned ex@etifi7 8] observed no signature for CT
up to Q?=8 Ge\? in the kinematics of restricted missing momentum and enekfiyreover, the
comparison with theoretical calculations demonstratatittie Glauber approximation adequately
describes the data for a wide range of nuclei (ranging froendauteron to iron). Thus for the
Q? of the present proposal, one expects that the Glauber appatan will reliably describe the
nal state interactions in théHe(e; eh) pp reaction.

A study of polarization observables in the reactibfe; %) was made at JLab up tQ? =
1:6 Ge\? [79]. Studies of polarization transfers in the reactibtefe,ep) was also made at Mainz
[80] and up toQ? = 2:6 Ge\? at JLab [81]. These experiments found that the ratio of timepm
nents of the polarization of the recoiling protBfFPY can be smaller than the same ratio for a free
nucleon target by about 10% (Figs. 28 and 29). The same gffdath contribute to this modi -
cation need to be taken into account for the analystéiefe; €h) pp. The density of &He nuclei,
which is between the densities #f and*He nuclei, will lead to an averaging of these medium
effects. Calculations from J. Udias predict a reduction efréitio P=P? of 8% in *He compared
to hydrogen, whereas itHe the reduction is only a 4% effect [82].
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Figure 28: The ratio of the polarization transfer compoaéRf=P9)p=(P3=P?)y for a bound proton. relative to the
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free proton [81].
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5.2 S3Heas a Neutron Target

Experiments utilizingHe targets as effective neutron targets have been carriddrawide range
of beam energies at Bates, Indiana, NIKHEF, Mainz, HERMES, Glafd, for the last decade,
in JLab Hall A. During the past decades there have been ddkieaetical discussions about the
possibility of using &He target to study the properties of the elastic electroratigform factors
of the neutron [10, 57, 83]. In addition, calculations foelusive and exclusive electron scattering
reactions fronfHe have been performed [83, 84, 85, 86].

The neutron polarization iPHe and the three-nucleon wave function have been computad by
number of authors using several different methods, inolyidhe approach via Faddeev equations
[87], and the variational approach [51, 53, 54, 55, 56, 88kSe are now well established, and the
error introduced through uncertainty in the wave functiaisbe very small.

The semi—exclusive reactidhe(e; ¢h) ppallows one to x the values of the missing momenta
and energy of the struck neutron which are the key paramftecontrolling the size of nuclear
effects. A cut on the transverse components of the neutranentumpp,ss» is more effective
in this task than a cut on the longitudinal componpgisk [71]. In the proposed experiment the
value of the asymmetry will be measured as a functiopgés~» in the range 0-100 MeV/c.

5.3 Qualitative Assessments of Nuclear Effects in the Extraiwin of GE/Gy, from Semi-
exclusiveA(e;éN) X Reactions

The key observation driving the proposed measurement isttigpossible to select small mo-
menta in the’He wave function by requirin@miss? < lQO MeV/c. This is the case because the
good convergence of the integsa(k)dk (normalized as y2(k)d3k = 1) leads to the selection of
very small momenta in the wave function #fle, even though the cut OPhissk IS rather large
(1.5 GeVlc).

Additionally, these suppress small non-nucleonic admedun the wave function and they
signi cantly suppress the nal state interactions, sinbe struck nucleon is rather far from other
nucleons. Most of the rescattering in these kinematics siaueleons to larggyiss> and hence
they do not greatly affect asymmetries calculated in the PWIdérder to extracR= GZ/Gy.

The following is the assessment of nuclear effects that nfi@gtathis extraction, and some
gualitative estimations indicating which correctionsivaié possible to estimate more quantita-
tively.

1. Finite acceptance effects. Because the experiment wilboreGE within a nite interval of
missing moment®miss the integration will smear out the extractedAn averaging scheme
whereA, andA, are expanded out in powers of the raBp=Gy developed for the previous
Gg experiment will be used [89].

2. Off-shell effects. The uncertainty associated withstfell effects can be estimated by apply-
ing the different off-shell prescriptions for calculatiof nucleon currents. However, since
the momenta of the struck nucleons are small, these effebish are proportional tpz=mg,
should be strongly suppressed.

3. Meson Exchange Effects. The choice of highcauses a signi cant suppression of meson
exchange effects in the extractionRfAt Q2> 1 Ge\? the overall additiona? dependence
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of the MEC amplitude as compared to the PWIA amplitude wil(he Q?=L?) 2, where
L2=0:8 1Ge\? (seee.qg.[71]).

. Delta Isobar Contribution. This effect should be smallduse of the restrictions qoiiss. If
one assumes the sar® and energy dependence of the elastic electromagnetic factarf
as of theND! NN rescattering amplitude, one is able to estimateDlw®ntribution using
the FSI amplitude but taking into account the fact that iresponds to the larg@iyssk in
the argument of the nuclear wave function. This gives theeupmit of the D contribution.

Pre-existingD-isobars in®He have a rather small probability — about 2% — and they also
have substantially larger average transverse momentantideons. Hence the cut on small
average nucleon momenta will lead to further suppressidnis iB a potential background
since there can be a transitigrD°!  n. From the violation of the Bjorken sum rule one can
expect theD contribution integrated over all momenta to be on the le¥dR6 times the ratio

of the DN form factor and thé&N form factor. An additional small factor mentioned above is
the cut on momenta — so qualitatively one may get an effechest¢ale of 1-2%.

. Final State Interactions. The major advantage is thaigit ®@° the eikonal approximation

is applicable when the rescattering amplitude is pradyicahergy-independent. First we
discuss FSI due to diagonap! nprescattering. In the case of the factorized approximation
the uncertainty comes from the accuracy of the calculatidtsbd contributions, which is less
than 10%. The comparison of eikonal calculations with JLataadlemonstrated very good
agreement for Nuclear Transparency starting with the dentand going up to iron [78].

In the case of smalbyss» , the overall effect of FSI for théHe target is about 10%, thus the
uncertainty due to the accuracy of FSl is 1-1.5%. The thametalculations will allow an
estimate of this contribution.

Calculations regarding these effects $bte at highQ? are currently underway by J. M. Laget
and M. Sargsian. We anticipate having results regardingetieéfects by the end of January
20009.

To summarize, it appears that corrections to the impulseoxppation will be signi cantly less

than 10% (expected on the level of 2-5%), and most of thesetsfivill be possible to correct for.

5.4 Preliminary Results of the GEA Calculation

GEA [71], a code based on the generalized eikonal approlomatas used for the calculations
of A, shown in Fig. 30. The asymmetries were calculated for a bewergg of 3.244 GeV and
assuming thaGg follows the Galster parameterization. The following cutstioe components of
missing momenta were appliefiss»> less than 50 MeV/c angy;ssk less than 250 MeV/c. The
invariant mass cut wa&/ = 0:94 0:05 GeV. The upper solid line presents the results of the code
for a free neutron at rest. The lower solid line with smallaiues ofA, is a naive estimate of the
asymmetry based on the neutron carrying 86% of the polaizaf *He. The dash line presents
the results of the PWIA calculation. The dotted line is theultssof the DWIA calculation. The
dash-dotted line presents the DWIA calculation with Chargeharge (CE) effects included. The
effect of CE is about 5.5% &%= 1 Ge\? and drops to 3.6% a)?= 4 Ge\? , in agreement with
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our expectations. A complete version of this code to evalaahigheiQ? is expected to become
available soon.
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Figure 30: TheA, asymmetry calculated by Sargsian [71] in the generalizieohail approximation. The upper solid
line presents the result for a free neutron at rest. The |lewkd line with smaller value of\; is a naive estimate of
the asymmetry based on the neutron carrying 82% of the gatiwh of*He. The dash line presents the results of the
PWIA calculation. The dotted line is the results of the DWIAatdation. The dash-dotted line presents the DWIA
calculation with CE effects included.
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6 Quasi-Elastic Scattering atQ? of SeveralGeV?

In this section we will discuss the physics and backgroumdrdmutions to the data and the method
of separating the quasi-elastic scattering (QES) eveots the background. Several physics pro-
cesses contribute to the background which the detectotsseal, including inelastic scattering
associated with pion electroproduction and quasi-elastittering from the protons fHe. In-
elastic scattering associated with pion production wiltisezussed in the rst subsection. Charged
pions overlapping electrons in BigBite can be suppressed img y&rticle identi cation, as dis-
cussed in the second subsection. The suppression of daaséescattering from the protons in
3He will be performed magnetically and will be discussed ia third subsection. The accidental
background in the data comes from accidental coincidengedalthe high rates of low energy
photons, neutrons, and pions, which will be discussed in Gdc

6.1 Selection of the QES Events

The rst step of an extraction o&g is the selection of the quasi-elastic scattering evente Th
previousGg experiment used MC simulations of QES and pion productiavétuate background
contributions.

From the previous experiment, we examine data f@fr= 1:7 and 35 Ge\?. Quasielastic
events were selected by placing cutsmiss? , Pmissk» Mmiss @and a pseudo-invariant mass where
the initial nucleon is assumed to be at rest. This invariaassrcorrelates very closely wikgj.

For these measurements, separation between the quasielastts and inelastic background can
be seen, Figs. 31 and 32. For the preliminary analysis oettpgriment, cuts were placed conser-
vatively to eliminate the dependence on corrections frormtdarlo simulations.

We rely on tight cuts orpmiss?> to suppress larger contributions from nal state interaas.
For this experiment, we anticipate tlpg,iss» distribution be be similar to that seen in E02-013,
Fig. 33. By placing similar cuts at 100 MeV, we also help sefandrom inelastic contributions.

For our proposed kinematics, this separation is not exgeotbe as clean due tofR,;ssk res-
olution of s = 1.5 GeV=c, close to a factor of 10 worse. Because of gk resolution, cuts
on missing mass will be ineffective at removing pions prdatucevents near threshold. However,
placing cuts omp,;ssk Will still be useful in eliminating background and eventsesé the nucleon
had additional interactions before reaching the neutram dn light of this, it will be critical to
make a correction on the asymmetry.

For the cross section, one can use DIS or exploit quark hadimahty. The asymmetry will
be obtained in the data. By assuming small variations in tisemed asymmetry across scales of
the invariant mass width due to Fermi smearing, a deconeolltetween the elastic and inelastic
asymmetries can be performed. Such a method would havedtoveve been successful in the
E02-013 data. In this data, a smooth variation of the asymynbetween quasielastic and inelastic
dominated regions was seen, Fig. 34. This deconvolutiorbegmerformed through a maximum
likelihood method where the likelihood for an observed as\gtry is given by

" #
N(A aifetas (1 )Aneiad” . 22)
21 A ’

f(AijAinelas Aelas ai; Ni) = exp
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Figure 31:pmissk VS- W from 3He for E02-013, (top? = 1:7 Ge\V? and (bottom)Q? = 3:5 Ge\2.

whereA is the observed asymmetry in tith bin, where the bin is some arbitrary subset of data,
Ainelas@ndAgjas are the inelastic and elastic asymmetrigsis the number of statistics in the bin,
anda; is the fraction of statistics that are (quasi)elastasfor each bin will be determined by a
Monte Carlo simulation.

To nd the parameteréinelasandAglas ONe solves the equations given by

o2 TnL _ 1in(5i f(A)).
A A

for asymmetryA, wherex is inelas or elas. This analysis will utilize bins acrqsgsss»> and
W2, where higherpmss» Values are dominated by inelasticé/? will be kept below two pion
production such that the same production channels as at W#evill be selected.

Contributions from inelastics for our cuts will be on the arad 25%, Fig. 35. Cuts on
Pmiss? are more severe than used in E02-013 due to the higher ileddaskground rates, Fig. 36.
As we are only interested in inelastic events within only apie hundred MeV of the quasielastic
peak, production of more than one pion is highly suppresBedthe previou$sg data, parame-
terizations of single pion production cross sections angnasetries from MAID were available
so such a deconvolution technique was not necessary.

From local quark-hadron duality in spin dependent obsdegloonstraints can be made regard-
ing the asymmetry contributions. Quark-hadron dualityliesn shown for polarizetHe structure

(23)
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Figure 32:pmiss> VS. W from 3He for E02-013, (top}d? = 1:7 Ge\? and (bottom)Q? = 3:5 Ge\~.

functionsg; for Q2 of at least 2 Ge¥ and global duality irg, down toQ? = 1 Ge\? [90, 91, 92,
93]. At higherQ?, duality is expected to hold more strongly.

From E02-013, this asymmetry was found to be the same sigwiinith a factor of two smaller
than the quasielastic asymmetry for @ points, Fig. 34. The quasielastic asymmetry will be-
come smaller by about a factor of two f@% = 10 Ge\?. The range inkyjk for the E02-013's
Q? = 3:5 Ge\? point and this proposal'®? = 10 Ge\ point both range fronx= 0:93 tox = 1,
allowing for explicit use of quark-hadron duality in spins@svables. From this, it is reasonable to
estimate that the inelastic asymmetry contributions valibthin a factor of two of the quasielastic
asymmetry.

As inelastic events are anticipated to contribute about 25%e statistics to the quasielastic
sample, an inelastic asymmetry a factor of two differennttiee quasielastic asymmetry will re-
quire a correction on the order of 1530%. Inelastic asymmetry values near that of the quasielas-
tic asymmetry would require much smaller corrections. Wegrate that we will be able to deter-
mine the correction to within 5% relative to the value of tkgrametry through the deconvolution
method described above.
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Figure 33:pmiss» from 3He for E02-013Q% = 3:5 Ge\2.

6.2 Pions in BigBite

The contribution of pions in the electron arm can be evatliatging a parameterization of the
charged pion cross sections [69]. As the scattering evdnitsterest are quasielastic, they are
typically of the highest energy. However, due to Fermi-snmgg the difference in momentum
observed in BigBite from the momentum that would be expectah #lastic scattering has a half
width of approximately 300 MeV. Use of this parameterizatstows that the number of pions to
electrons is expected to be about 3:1. Through use of thé@nes calorimeter and gas Cerenkov,
a total pion rejection factor of 0s expected. Unrejected pions could only contribute leas th
0:1% to the physical asymmetrinys, Which is negligible for our anticipated error.

The background from the glass windows of the target cell dhdravindows will be cut out in
the analysis by using cuts on the reconstructed vertex dlmntarget.

6.3 Quasielastics from the Protons irfHe

The rate of quasielastics from the bound protonéHe is about factor of 12 higher than in the
process under study neglecting the relative detectionieicy between protons and neutrons.
Protons with momentum:8 GeV~c will be shifted 12 m on the face of the neutron arm allowing
for cuts onppmiss> to primarily provide proton/neutron differentiation. Dtee nite resolution and
the natural width ofpmiss? , there will be some overlap between the two. For the expeatiagH
netic separation contributions of protons will be negligitvith our anticipated cuts gfniss> Of
100 MeV 37.

6.4 Accidental Background

Overall background rates in the neutron arm are expected &bbut two or three times that seen
in the rst GE experiment. For that analysis, neutron arm hits with retangedb > 1 were
shifted in time by a constant chosen such that the quasetagion would be entirely populated
by only accidental background. This produces a set of dataam accidental background rate and
distribution identical to the experimental conditions. Byplying an identical set of cuts to the
shifted data, the contributions from accidental backgdocem be accurately quanti ed.
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Figure 34: Helicity dependent asymmetry from E02-01®&t 1:7 (top) and 35 Ge\? (bottom) vs. invariant mass
with large cuts. Asymmetry and cross section values from MAgree very well with data.

For the previou&g experiment, the overall background contributions weraébio be 1 2%
for neutron arm bar rates of 400 kHz. These events will therrdmte only 2 6%, which should
present no dif culty for the analysis.

6.5 Analysis of the Corrected Asymmetry and Extraction ofGE/Gy,

After obtaining the asymmetrylynys, corrected for background and polarizations, contrimgio
from bothA, andA, must be separated in through some method due to the larglaaagceptance
of the electron arm. Through a power expansioAgi;sin terms of the ratid’Gg=Gy to suf cient
order, the problem reduces to solving a polynomial of nitder. This method was used for E02-
013 and is described in [89]. Sin€&x=Gy is small, an expansion to 5th order will be suf cient.
The systematics of th&, calculation are expected to be less than 0.001 for an anglidggmment
accuracy of 1 mr.
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7 Proposed Measurements

7.1 Kinematics

To choose which is the best combination of beam energy artksog angle to measuf@g for a
givenQ?, one has to evaluate the gure-of-meft@M). In our case, th&€ OM is given by

R(q)
FOM = ; 24

I Ay &4
whereR(q) is the counting rate, which itself is proportional to theglwot of the cross section, the
effective target length, the beam current, and the acceetahthe particular spectrometers used.
In Fig. 38 theFOM is plotted as function of the beam energy at a x@8of 10 Ge\?. To study
the in uence of the value oBg. itself, theFOM has been calculated assuming tBdtfollows the
variations of the Galster parameterization. For a gi@énthe FOM increases for higher beam
energies, which corresponds to detecting the electron @tenscattering angles. The variation of
Gg does not change the general behavior offti@V.
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Figure 38: TheFOM as function of the beam energy at x&gf = 10:0 Ge\2. An increase in the beam energy
translates into smaller electron scattering angles arttehijjomenta of the recoiled electron.

The minimum angle that BigBite may be set to without technidatulty is about 34 , which
corresponds to the available beam energy:8f@eV. The other two kinematics were chosen to
provide about 40% highe®? from the prior point. Table 1 summarizes the proposed kiriesa

7.2 Asymmetry and Rate Estimates

The asymmetryAgnys in € n scattering is related to the experimentally measured astrym
Aexp=(N+ N )=N via the equation

Aexp

hys = ; 25
AOnyS= B Por1oPrDi, DrsDpDoack (25)
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Q Ei Oe Pe On Pn
(GeV?) | (GeV) | (deg) | (GeV=c) | (deg) | (GeV=c)
5.02 | 4.400 | 48.0 1.73 21.6 3.49
6.77 | 6.600 | 34.0 3.00 22.2 4.44
10.18 | 8.800 | 34.0 3.38 175 6.29

Table 1: The three proposed kinematics.

where the values of the various polarizations and dilutarsbe found in Table 3.

The following rate estimates are based on scattering froreerieutron usin@g = Ggalster
andGy, from a parameterization by Kelly [27]. Radiative correctduarther reduce the number of
useful events by roughly 10%.

Q° rate | Aexp | GR=G},
(GeV?) | (Hz)
5.02 | 0.146| -0.0581] -0.1770
6.77 | 0.081| -0.0547| -0.1918
10.18 | 0.010| -0.0292| -0.2098

Table 2: Rate estimates for this proposal. We assume a faotgizationPs,, of 60%, a beam polarizatioP,eam Of
85% an average beam current ofBQ a viewable target length of 55 cm, and a solid angle of 44forsthe electron
arm. Furthermore, this rate is calculated assuming thatetectithe neutrons with an ef ciency of 90% and cuts
reduce statistics by 75%.

To help minimize the contribution of inelastic backgroung used a Monte Carlo to evaluate
that these cuts will reduce the number of statistics to aBbdb, Fig. 39. This Monte Carlo was
used to reproduce data seen in experiment E02-013, Fig hafticipated rates and asymmetries
using these assumptions, are shown in Table 2.

7.3 Error Estimates and Beam Time Request

The uncertaintylAghys can be expressed as

Porys °_ ey °, g B, g DT (26)
Aphys Aexp R Di
where the sums run over all the contributions of polarizegiand dilutions. The beam polarization
in Hall A can be measured with the Compton and the Mgller polatér to better than 2%. Both
polarimeters are standard equipment in Hall A. The poléidneof 3He can be measured with a
relative uncertainty of 4%, the polarization of the neugram®He is known to 2%.
The statistical uncertainty dAexpstat= Sqrt(1 Agxp)zN. To extractGE from the measured
Aphys Ed. 13 has to be evaluated. Investigating the error prdjmagan this equation, taking an
expansion oPphysin GE/Gy, to rst order gives

G 2p t(1+ t)tan(g=2) sinq cosf

@ = dAphys : (27)

d t+ 2t(1+ t)tar’(g=2)
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Figure 39: Effect of proposed cuts on statistics for simedatHedata at 10 Ge¥/ The shaded region represents the
data after cuts opmiss> < 100 MeV,W2 < 2 Ge\?, and —Prmissk—< 1:5 GeV.

As discussed in Sec. 5, we expect the correction fabigy; for nuclear effects to be 0.85
— 1.0, and the corresponding systematic error to be about Efle 3 summarizes the various
contributions to the total error for the example of the higi@? point.

Quantity Expected Value Rel. Uncertainty
Statistical error 0.0292 19.9%
Beam polarizationPs 0.85 2.4%
Target polarizations, 0.60 3.3%
Neutron polarizatiorP, 0.86 2.3%
Nitrogen dilutionDy, 0.94 2.1%
Background dilutiorDpack 0.95 < 1%
Final state interactions 0.95 5.3%
Inelastic correction 0.8-1.2 5.0%
Angular error fromA, < 1%
Statistical error irGE =Gy, 18.1%
Systematic error iGE =Gy, 7.7%

Table 3: The various contributions to the total erro for the data point a®?=10.0 Ge\f.

One purpose of this experiment is to measure the @@y, with an uncertainty similar to the
results onGE/Gy, achieved in E02-013. Therefore our beamtime request iseches that we can
obtain a statistical uncertainB(Gg/Gy,) < 0.20. The resulting times are summarized in Table 4.

The polarization measurements, besides the Compton measntieare disruptive, so addi-
tional beamtime is needed. To monitor the target polanpatontinuously, one target polarization
measurement every six hours is necessary. Also, the Mallaripation measurements need ad-
ditional time. To measure the dilution from nitrogen, théerence target cell will be lled with
nitrogen. Additionally, H and carbon foil/sieve data will be taken at each momentutmget
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Figure 40: E02-013 Monte Carlo results for invariant speetiQ? = 3:5 Ge\2. The spectra are reproduced well for
(top) near raw and (bottom) full quasielastic cuts.

to help calibrate the BigBite optics. We expect an overhead08t 2or these studies. During
the experiment, two con guration changes are necessargsé shanges include a change of the
beam energy, changes of the position neutron detector, amnayadjustments or replacement of
the polarizecHe target. Each con guration change will take approximateie shift. We further-
more request 48 hours of beamtime for initial calibrationstuln total we request 1384 hours of
beamtime to perform the proposed measurement, as detailetie 5.
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X’ time | Counts| GE=G}, | stat. err.| sys. err.
(GeV?) | (hours)
5.02 38 20209 | -0.1770| 0.0319 | 0.0222
6.77 154 | 44928 | -0.1918| 0.0259 | 0.0253
10.18 864 29651 | -0.2098 | 0.0380 | 0.0161

Table 4: Expected uncertainties for this proposal. Thedigieen in this table are pure data taking times assuming
100% ef ciency. They do not include the time needed for piakltion measurements, optics data, or measurements of
the dilution factorDy. The number of counts is given for the cuts described in tkie te

Beam Energy| Data Taking Time| Total Time
(GeV) (hours) (hours)
Calibration Runs 4.400 48
Q?= 5.0 GeV? 4.400 38 48
Q= 6:8Ge\? 6.600 154 192
Q%= 102 Ge\? 8.800 864 1080
Con guration Changes 16
Total 1055 1384

Table 5: Beamtime request for this proposal, assuming 10@8tahility of the accelerator and the experimental
equipment. Data taking time includes only the time for meiasuGE, whereas the total time also includes the time
needed for polarization measurements, optical calibmatiand measurements of the dilution faciy, .
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8 Conclusions

We request 1386 hours to meas(B@atQZ:S.O, 6.8, and 10.2 Gthrough a measurement of the

cross section asymmetry of the react%e(e; eh) pp. This experiment will take place in Hall A,
utilizing the BigBite spectrometer to detect electrons statt off the Hall A polarizedHe target,
and an array of scintillators to detect the recoiling neutrdhere are no other measurements of
Gt at these momentum transfers and knowledge of the neutrottielorm factorGg is essential
for the understanding of the nucleon structure. Furtheemiors a necessary input in the analysis
and interpretation of processes involving the electroretigrinteraction with nuclei. We propose
to measurésE/Gy, to an accuracy oDGE/Gy,= 0.06, which would bring its precision to a level
comparable with that of the other Sachs form factors in thisrkatical regime.

The kinematics of our measurements emphasize the §&menge studied for the proton. For
these large momentum transfers it was found that the chagjenagnetic current distributions in
the proton are markedly different at short distances. Ihig&iguing question to see if a similar
tendency is duplicated in the neutron. Furthermore, pQCDenaéehr predictions on how these
form factors should scale at arbitrarily hig)f. Measuring at relatively high momentum transfers
will also open additional dimensions for testing the mod#ithe nucleon form factors in the
generalized parton distribution framework.
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