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Abstract

Polarized ®He targets have proven to be a useful tool for studying the
electric and magnetic form factors of the neutron, and the spin structure of
the neutron. We propose for the first time to systematically measure the
inclusive *He quasi-elastic transverse asymmetry, Ar, at Q% = 0.1, 0.2, 0.3,
0.4, 0.5 (GeV/c)® with high statistical and systematic accuracy. A 2% statis-
tical uncertainty is aimed at all the proposed values of Q?, and 3% systematic
uncertainty for A7+ can be achieved for this experiment. The precise data
will constrain theoretical calculations of 3He quasi-elastic asymmetry, Fur-
thermore, the neutron magentic form factor at Q% = 0.1, 0.2, 0.3, 0.4, 0.5
(GeV /c)? will be extracted from the measured asymmetries with an overall
uncertainty of 2%. Precise measurements of G at low Q? will resolve the
discrepancy among the existing data in the same Q2 region.

I. INTRODUCTION AND PHYSICS MOTIVATIONS

Electromagnetic form factors are of fundamental importance for an understanding of the
underlying structure of nucleons. Knowledge of the distribution of charge and magnetization
within the nucleons provides a sensitive test of models based on QCD, as well as a basis
for calculations of processes involving the electro-magnetic interaction with complex nuclei.
Recently, there have been great interests in measuring the neutron magnetic form factor at
low Q? using deuteron targets [1-3], motivated largely by the poer quality of the previous
data on G, at low Q? and also by the growing interests in measuring G% at low @*. Fig. 1
shows the world data on the neutron magnetic form factor in the low Q? region. Fig. 2
shows the data on G%; at low Q? from recent measurements [1-3,11]. These recent mea-
surements [1-3] have greatly reduced the statistical and systematic uncertainties associated
with experiments using deuteron targets. Nevertheless, as shown in Fig. 2 large discrepancy
exists among these measurements in the same Q2 region. Also, the data by Bruins et al.
[3] seem to indicate very different Q>-dependence of G7¢ in the low Q? region from that of
Markowitz et al. [1], as well as the Q*-dependence of G%; in the same Q2 region.

Precise measurements of the neutron magnetic form factor at low @? is also very impor-
tant in terms of determining the strange magnetic and electric form factor of the nucleon,
G%}) and Gg) from parity-violation experiments. For e-p elastic scattering at backward-
angle, up to radiative corrections G7, and Gg}}) enter the parity-violating asymmetry with
equal weight [12]. Thus, an accurate extraction of Gﬂ}) requires very accurate knowledge
of G3;. Likewise as far as a determination of G’S) 1s concerned for e-p elastic scattering at
forward angle, the error in G%; is roughly three times more important than the uncertainty
in G because of the premultiplying factor of fp in the parity-violating asymmetry {12].
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FIG. 1. The square of the neutron magnetic form factor G7,2, in units of the stan-
dard dipole parametrization, (p,Gp)?, in the low Q? region. The open squares are
from Hughes et al. [4], the open diamonds are from the analysis by Kramer et al. [5] of
the data from Grossetéte et al. [6], the asterisks are from Braess et al. [5], the crosses
are from Hanson et al. [7], the open circles are from Budnitz et al. (8], the star is from
Bartel et al. [9], the triangle is from Stein et al. [10], and the solid diamonds are from
Markowitz et al. [1] with the inner (outer) error bars being the statistical (total) uncer-
tainties. The solid triangle shows the result from Anklin et al. [2] with the total error
being the quadrature sum of the statistical and systematic errors, the solid diamonds
are from Bruins et al. [3] with the inner (outer) error bars being the statistical (total)
uncertainties. The solid circle is from Gao et al. [11] shown with the total uncertainty
dominated by the statistical error. The data of Markowitz et al., Hughes et al., and
Stein et al. have been displaced slightly to improve readability.
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FIG. 2. The square of the neutron magnetic form factor G%%, in units of the stan-

dard dipole parametrization, (#aGD)?, in the low Q2 region from recent measurements.
The solid triangle is the result from Ref. (2] with the total error being the quadra-
ture sum of the statistical and systematic errors, the open diamonds are from Ref. (1]
with the inner (outer) error bars being the statistical (total) uncertainties, the open
stars are from Ref. [3] with the errors being the quadrature sum of the statistical
and systematic errors, and the solid dot is the re-extracted value from Ref. [11] (see
text) with the error shown as the quadrature sum of the statistical and systematic
uncertainties.

Because of the unique ground state spin structure of 3He nucleus, polarized 3He targets
have proven to be very useful in studying the electric and magnetic form factors of the
neutron and the spin structure of the neutron [13-16]. Recently, the neutron magnetic form
factor at Q* = 0.19 (GeV/c)’ was extracted for the first time from the inclusive spin-
dependent quasi-elastic transverse asymmetry, Ay measured from the 27 e(€, ') reaction
[11]. The published G}, value [11] was extracted based on plane wave impulse approximation
(PWIA) calculations in which spin-dependent spectral functions were used [17-18]. While
the agreement of the A+ data with the PWIA calculations of Ari is good, the agreements
between the PWIA calculations of the 3He transverse-longitudinal asymmetry Apzs and the
data near the quasi-elastic peak {19] and in the low electron energy transfer region [20]
are rather poor. This is largely because of the sensitivity of Arzs to the 3He ground state
structure as discussed in Ref. [19], and the sensitivities to final state interactions (FSI) and
meson exchange currents (MEC) as well as the 3He ground state structure for Ay in the
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low energy transfer region.

Recently, Ishikawa and Glockle et al. [21] have performed new calculations of the 3He
inclusive spin-dependent quasi-elastic transverse asymmetry Ap, in which final state in-
teractions (FSI) were included. Fig. 3 shows the measured *He inclusive spin-dependent
quasi-elastic transverse asymmetry Ar: [11], as a function of the electron energy transfer, w,
together with the two PWIA calculations [17-18] and the calculation by Ishikawa et al. [21].
The deviation of the result by Ishikawa et al. [21] from those of PWIA calculations [17-18]
is significant away from the quasi-elastic peak. The agreement between the data on Ay (w)
and the calculation by Ishikawa et al. is excellent in terms of the size of the asymmetry
and also the shape. Unfortunately, because of the large errors associated with the measured
Ar:{w) as shown in Fig. 3, it is not possible to put constraints on the theoretical calculations
of the *He inclusive spin-dependent quasi-elastic asymmetry.

Because of the limitation of the statistics of the measurement, the measured quasi-elastic
asymmetry, Ar(w), averaged over the experimental w acceptance was used in extracting G,
in Ref. {11]. The extracted value of G}, at Q* = 0.19 (GeV/c)?, based on PWIA calculations
in which the spin dependent spectral functions were used, is 0.998 + 0.117 4- 0.059 [11] in
unit of (p,Gp)? with the uncertainties being the statistical and systematic, respectively.
The neutron magnetic form factor at @2 = 0.19 (GeV/c)® has been re-extracted using the
calculation by Ishikawa et al. [21]. The new value of Gj,* in unit of (g.Gp)? is 0.867 +
0.095 + 0.048 and is shown in Fig. 2 as the solid circle. The new value of G%,” is different
from the old value by 15%, which indicates that the effect of the FSI is not negligible at
@? = 0.19 (GeV/c)? for the inclusive transverse asymmetry Az.. Thus, precise measurement
of Ap:«(w) as a function of @? is very important in terms of studying the FSI effect and also
constraining theoretical calculations of the *He quasi-elastic asymmetry.

The uncertainty from model dependence in extracting the neutron magnetic form factor
was studied carefully [11] following the approach by Friar et al. [22], and the uncertainty
was determined to be 3% in G%,%. Fig. 4 shows the sensitivity of A7/ calculated by Ishikawa
et al. [21] to different N-N interaction potentials. In Ref. [11] the measured quasi-elastic
asymmetry, Ar:/(w), averaged over the experimental w acceptance was used to extract Gj,°
because of the limitation of the statistics of the measurement. We propose in this experiment
2% statistical and 3% systematic uncertainties for A+ measurements on top of the 3He
quasi-elastic peak (20 MeV bin for the electron energy transfer) at all proposed values of
Q?. Therefore, the uncertainty from model dependence can be further reduced by using
the precisely measured proton form factor data at the corresponding Q2 of the proposed
measurement for calculating A1 on top of the *He quasi-elastic peak. Though G% is known
rather poorly in the @Q? region of this experiment, its contribution to Ag. is negligible. The
uncertainty in extracting G%, from model dependence using the calculations of Ishikawa et
al. is estimated to be 1.0% based on the results for different N-N potentials. To emphasize,
only Ag/ in close vicinity of the quasi-elastic peak (wo — 10 MeV < w < wy + 10 MeV
) will be used in extracting G%, a procedure expected to be much less sensitive to final
state interactions, meson exchange currents, and relativistic effects. Currently, calculation
of the *He inclusive spin-dependent quasi-elastic asymmetry which includes the final state
interactions, meson exchange currents, and relativistic effects is underway [23]. Therefore,
precise measurement of the *He Az/(w) is necessary to constrain theoretical calculations of
Ari(w) to allow extracting G, with high precision on top of the 3He quasi-elastic peak.



10 _]ll|||l|||ll'|||'|ll| llllllTilIiT'l'Il'IT'll_

0 -
S 4
RN ]
S ]
—-10 | g
[ = .
< C ]
-20 .
_30 :IIIIIIIIIII!IIIIIIIIIIIlIIIIleALLllllIl:
80 100 120 140 160

w (MeV)

FIG. 3. The transverse asymmetry Ay: as a function of electron energy loss w. The
solid circles are the data points from Ref. [11] with statistical uncertainties only. The
dotted line is the calculation by Salme et al. {17], the dash-dotted line is the calculation
by Schulze et al. 18], and the solid line is the calculation by Ishikawa et al. [21]. The
quasi-elastic peak is indicated by the arrow.

The physics motivation for this proposal is three-fold. First, precise measurements of the
3He inclusive spin-dependent quasi-elastic transverse asymmetry will constrain theoretical
calculations of the ®*He quasi-elastic asymmetry. Ar is the only inclusive spin-dependent
asymmetry which is not sensitive to the small components of the 3He ground state wave
function. Thus, it is an excellent testing ground for three-body calculations. Secondly, pre-
cise measurements of the *He inclusive spin-dependent transverse quasi-elastic asymmetry,
together with the improved theoretical calculation of the quasi-elastic asymmetry will allow
us to extract the neutron magnetic form factor with high precision to resolve the discrepancy
among the existing data sets. Lastly, the precise measurement of the Q?-dependence of the
neutron magnetic form factor at low @Q? will serve as a benchmark for testing theoretical
calculations of nucleon form factors at all momentum transfers.

Brook et al. [24] proposed CEBAF experiment E94-017 to measure G7; at @2 from 0.3
to 5.1 (GeV/c)® by measuring the cross section ratio of quasi-elastic electron-neutron to
electron-proton scattering in deuterium. While this experiment will overlap with the ap-
proved Hall B experiment E94-017 [24] at Q% = 0.3,0.5 (GeV/c)® with comparable precision
on G}y measurements, the focus of this experiment is precision measurements of G, at lower
@? and its Q? dependence. Furthermore, this experiment employs a different technique in
which the spin degrees of freedom are used. This proposed experiment is also complemen-
tary to the Hall A approved experiment E93-024 [25] which will measure G%, at large @*



(1-6.5 (GeV /c)?) by inclusive quasifree electron deuteron scattering.

In addition to the experiment we are proposing here in which a polarized *He target will
be employed, there are two experiments approved at MIT-Bates and NIKHEF {26,27] using
polarized *He targets from which information on G%; is expected in the same Q? region as this
proposal. The MIT-Bates experiment proposed by Bernstein and Chupp [26] will measure
the inclusive spin-dependent quasi-elastic asymmetry Ay: at Q* = 0.24,0.45,0.70 (GeV /c)®.
The overall anticipated error in A7+ measurement is 10%. The NIKHEF experiment [27]
will measure the spin-dependent asymmetries from reaction 356(6’, eX) with X = 0, p, n,
d, pn at @* = 0.15,0.3,0.5 (GeV/c)? using an internal polarized 3He target and the AmPS
storage ring. Although information on G%; is expected from the inclusive measurement, the
experiment is focused on the coincidence channels and especially the G measurement. The
uncertainty in the inclusive A7 measurement is not expected to be able to compete with
this experiment. We want to emphasize that the experiment we are proposing is the only
experiment using a polarized ®He target dedicated to measure the inclusive quasi-elastic
transverse asymmetry, Ay precisely at low Q2.
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FIG. 4. The transverse asymmetry Ar: as a function of electron energy loss w calcu-
lated by Ishikawa et al. [21] at the kinematics of the Bates experiment [11] for different
N-N potentials with Gari-Kriipelmann nucleon form factor parametrization.

The rest of the proposal is organized as follows: Section II contains a description of the
inclusive *He spin-dependent quasi-elastic asymmetry and the elastic asymmetry; Section
IIT describes the proposed experiment, in which the principle of the spin-exchange polarized
%He target is discussed as well as the expected backgrounds and the systematic uncertainties
associated with the asymmetry measurements; Section IV contains beam time request; Sec-
tion V discusses the collaboration background and the responsibilities; and the last Section
contains the acknowledgements.



II. °"HE SPIN-DEPENDENT ASYMMETRIES
A. Spin-dependent Quasi-elastic Asymmetry from 3[-?e(é', e')

The spin-dependent asymmetry for longitudinally polarized electrons scattered from a

polarized spin-1 nuclear target can be written [28] as

cos 8* v Ry + 2sin 8* cos ¢* vy Ry )
v Ry + vp Ry ’

A=

where vg are the kinematic factors defined in Ref. [28], and 6* and ¢* are the polar and
azimuthal angles of the target spin with respect to the 3-momentum transfer vector q.
Rr(Q% w) and Rr(Q?w) are the longitudinal and transverse nuclear response functions
associated with the unpolarized cross section and are functions of the square of the 4-
momentum transfer @ and the electron energy loss w. Rr{Q?* w) and Rrp(Q? w) are the
two response functions arising from the polarization degrees of freedom. Ry is a transverse
response function and Rry represents the interference between the transverse and the lon-
gitudinal multipoles. By orienting the target spin at * = 0° or §* = 90°, corresponding to
the spin direction either along the 3-momentum transfer vector q or normal to it, one can
select the transverse asymmetry Ar (proportional to Ryv) or the transverse-longitudinal
asymmetry Ary (proportional to Rrr:).

In the case of longitudinally polarized electrons scattering off a polarized nucleon target,
the spin-dependent asymmetry is expressible in terms of the electric and magnetic form
factors of the nucleon:

) 2rur: cos 8* G (Q?) + 24/27(1 + T)upgs sin 8* cos ¢* Gar (Q?) G5(Q?) 0
N =T (14 7)vGE + 2rvr Gy, ' (2)

He is an interesting nucleus for polarization studies because its ground state wave func-
tion is predominantly a spatially symmetric S state (~ 90%) in which the spin of the nucleus
1s carried mainly by the neutron. For inclusive quasi-elastic scattering of the longitudinally
polarized electrons from a polarized *He nucleus, the spin-dependent asymmetry can be
written in the simplest impulse approximation model as:

N=
_ AYTmay

On+ 20,° (3)

where A¥=" is the asymmetry for elastic scattering of electrons off a free neutron target, and
on and o, are the elastic cross section of electrons scattering off a free neutron and a free
proton targets, respectively. Thus, the 3He inclusive spin-dependent quasi-elastic transverse
asymmetry, Az, is most sensitive to the square of the neutron magnetic form factor, as can
be seen easily from Eq. (2) and Eq. (3). This picture is confirmed by the PWIA calculations
(17-18] in which the spin-dependent spectral functions were used and also confirmed by the
recent measurement from MIT-Bates [11].

The experimental asymmetry will be diluted by the product of the beam and target
polarizations. For the spin-exchange polarized 3He target, the target would be filled with
the “contaminants” 37Rb (72.165% of the natural Rb abundance) and 87Rb (27.835% natural
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abundance) as well as 3*N in the form of molecular nitrogen besides *He. Presently we assume
a *He volume density of about 2.5 x 10*® atoms/cm?®, the Rb density will be on the order of
6 x 10'*/cm®, and the nitrogen partial pressure will be about 100 torr or 1.4 x 10'°N/cm?
at room temperature. The numbers combined result in a dilution factor of 0.94 for the *He
nuclei.

B. °He Elastic Asymmetry

For longitudinally polarized electrons scattering elastically from a polarized *He nuclear
target, the elastic asymmetry can be expressed in terms of the *He charge and magnetic
form factors, F, and F,, as

4 A 2rpdvricos 8* F2 + 2,/2r(1 + 7)paZvrp sin 8* cos ¢* F F. .
“T 3 (14 r)Z2u F2 + 2rpiur F2 (4)

where the form factors have been normalized to
F(Q*=0)= F{Q*=0)=1. (5)

In this formula Z is the nuclear charge, p4 is defined in terms of the magnetic moment of
°He as (mp./mn)pne, and all other variables are kinematic factors defined in Ref. [28]. The
experimental elastic asymmetry is diluted by the product of the beam and target polariza-
tions. Thus, the product of the beam and target polarization can be determined from the
measured elastic asymmetry using the measured 3He elastic form factors.

III. THE EXPERIMENT
A. Overview

The experiment will employ a longitudinally polarized electron beam, a spin-exchange
polarized 3He target, and the Hall A HRS spectrometers. Quasi-elastic kinematics are cho-
sen for the inclusive 3He(€, ¢') reaction. The single-arm measurement of the spin-dependent
quasi-elastic transverse asymmetry will be performed by using the Hall A electron HRS
spectrometer for detecting the quasi-elastically scattered electrons. The hadron HRS spec-
trometer will be dedicated for measuring the 3He elastic asymmetry so as to serve as a beam
and target polarization monitor. We propose to perform single-arm measurements from
3 He(é, €') reaction at the quasi-elastic kinematics with an incident electron beam energies of
0.8 and 1.6 GeV, and at electron scattering angles of 20.8°, 23.6°, 24.5°, 28.01°, and 34.9°,
covering a Q? region from 0.1 to 0.5 (GeV/c)?, in steps of 0.1 (GeV/c)’. The target spin
direction will be aligned along the three-momentum transfer vector, q and the *He spin-
dependent quasi-elastic transverse asymmetry, Ar(w) will be formed by varying the helicity
of the polarized electron beam. The motivation for the choice of the beam energies was
the resulting forward angles for the scattered electron in order to have the large effective
target length acceptance for the spectrometer at the proposed kinematics, and also the con-
venience of energy change at CEBAF. The Hall A hadron spectrometer with a gas Cerenkov
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counter will be employed as an excellent monitor of the beam and target polarizations for
the proposed experiment.

We propose this experiment to be performed in Hall A for the following two reasons: the
availability of a spin-exchange polarized *He target which will be built for the other Hall
A proposed experiments in which a spin-exchange polarized *He target will be employed
[29], and the 10-cm extended target length acceptance at 90° for both HRS spectrometers.
Furthermore, this piece of physics will enrich the existing Hall A polarized *He program.

B. Polarized Electron Beam

Given the technical developments currently achieved with strained GaAs cathodes at
SLAC (E143) and other places, high electron polarization (80%) is possible to achieve at
CEBAF. Although the currents used in SLAC E-143 experiment were small (few tens of
nanoamps), the newly approved experiment at 50 GeV (E-154) is planning to use similar
value of polarization with few microamps average beam currents. SLAC is confident to
achieve large electron polarization with high currents. We assume in this proposal the
achievable electron polarization at CEBAF is 70% [30]. A beam current of 10 zA is chosen
in this proposal because of the depolarization effect from the beam on the polarized 3He
target.

C. The Spin-Exchange Polarized *He Target

The polarized target will be based on the principle of spin exchange between optically
pumped alkali-metal vapor and noble-gas nuclei [31-33]. The design will be similar in many
ways to that used in E-142, an experiment at SLAC to measure the spin dependent structure
function of the neutron [16]. A central feature of the target will be sealed glass target cells,
which will contain a *He pressure of about 10 atmospheres. As indicated in Fig. 5, the
cells will have two chambers, an upper chamber in which the spin exchange takes place,
and a lower chamber, through which the electron beam will pass. In order to maintain the
appropriate number density of alkali-metal (which will probably be Rb) the upper chamber
will be kept at a temperature of 170-200° C using an oven constructed of the high temperature
plastic Torlon. With a density of 2.5 x 10%® atoms/cm3, and a lower cell length of 40 cm,
the target thickness will be 1.0 x 10?* atoms/cm?. We describe below in greater detail some
features of the target.

1. Operating Principles
The time evolution of the *He polarization can be calculated from a simple analysis of

spin-exchange and *He nuclear relaxation rates [34]. Assuming the 3He polarization Psy, = 0
at t =0,

. TSE _ a—{vse+Ta)t
PSHe(t) =< Pgrp > (7'"——“-'SE n FR) (]_ e \serin ) , (6)
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where ¥sg is the spin-exchange rate per 3He atom between the Rb and *He, ['r is the
relaxation rate of the *He nuclear polarization through all channels other than spin exchange
with Rb, and Py is the average polarization of a Rb atom. Likewise, if the optical pumping
is turned off at ¢t = 0 with Psy, = Py, the *He nuclear polarization will decay according to

Psje(t) = Ppe~(rsetTale (7
The spin exchange rate ysg is defined by
vsE =< osgv > [Rba, (8)

where, < osgv >= 1.2 x 107! cm?®/sec is the velocity-averaged spin-exchange cross
section for Rb—He collisions [35-37] and {Rb]a is the average Rb number density seen by a
3He atom. Our target will be designed to operate with 1/ysg = 8 hours.

Ti:Sapphire

J{_\‘}' PICKUP COILS ™

RF DRIVE COILS

FIG. 5. Schematics of the spin-exchange polarized *He target.

From Eq. (6) it is clear that there are two things we can do to get the best possible
3He polarization — maximize vsg and minimize ['g. But from Eq. (8} it is also clear that
maximizing ysg means increasing the alkali-metal number density, which in turn means
more laser power. The number of photons needed per second must compensate for the spin
relaxation of Rb spins. In order to achieve 1/vysg = 8 hours, we will require about 24 Watts
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of usable laser light at a wavelength of 795 nm. We will say more about the source of laser
light below.

The rate at which polarization is lost, which is characterized by T'r, will have four
principle contributions. An average electron beam current of about 10 gA will result in a
depolarization rate of ['beam = 1/45 hours [37]. Judging from experience at SLAC, we can
produce target cells with an intrinsic rate of I'cey = 1/50 hours. This has two contributions,
relaxation that occurs during collisions of *He atoms due to dipole-dipole interactions [38],
and relaxation that is presumably due largely to the interaction of the 3He atoms with the
walls. Finally, relaxation due to magnetic field inhomogeneities can probably be held to
about I'ag = 1/100 hours [39]. Collectively, under operating conditions, we would thus
expect

IR = Pbeam + L'eent + Tap = 1/45 hours + 1/50 hours + 1/100 hours = 1/19 hours. (9)

Thus, according to Eq. 6, the target polarization cannot be expected to exceed

YSE

Pmax = ———— = 0.70. 10

vse + I'r (10)

Realistically, we will not achieve a Rb polarization of 100% ir the pumping chamber, which
will reduce the polarization to about 40-45%.

2. Target Cells

The construction and filling of the target cells must be accomplished with great care if
1/Tcen is to be in excess of 50 hours. We plan to use the “Princeton Prescription” which
was developed for use in SLAC E-142. This resulted, among the cells that were tested, in
Iifetimes that were always better than 30 hours, and in about 60% of the cells, better than
50 hours. The following precautions will be taken:

1. Cells will be constructed from aluminosilicate glass.

2. All tubing will be “resized.” This is a process in which the diameter of the“tubing is
enlarged by roughly a factor of two in order to insure a smooth pristine glass surface that is
free of chemical impurities.

3. Cells will be subjected to a long (4-7 day) bake-out at high (> 400°C) temperature on a
high vacuum system before filling.

4. Rb will be doubly distilled in such a manner as to avoid introducing any contaminants
to the system.

5. The *He will be purified either by getters or a liquid *He trap during filling.

The cells will be filled to a high density of *He by maintaining the cell at a temperature
of about 20 K during the filling process. This is necessary so that the pressure in the cell
is below one atmosphere when the glass tube through which the cell is filled is sealed. The
length of the cell has been chosen to be 40 cm so that the end windows will not be within
the acceptance of the Hall A spectrometers. The end windows themselves will be about
100 g thick. Thinner windows could in principle be used, but this does not appear to be
necessary.

12



3. The Optics System

As mentioned above, approximately 20-24 Watts of “usable” light at 795 nm will be
required. By “usable,” we essentially mean light that can be readily absorbed by the Rb.
It should be noted that the absorption line of the Rb will have a full width of several
hundred GHz at the high pressures of *He at which we will operate. Furthermore, since we
will operate with very high Rb number densities that are optically quite thick, quite a bit
of light that is not within the absorption linewidth is still absorbed.

It is our plan to take advantage of new emerging diode laser technology to economically
pump the target. Systems are now commercially available in which a single chip produces
about 20 watts of light, about half of which is probably usable. Between 2-4 such systems, at
a cost of about $25,000 each, should do the job. There is also a group a Lawrence Livermore
Laboratory that has offered to build us a single chip that can produce 150 watts. While
some studies of the use of diode lasers for spin-exchange optical pumping do exist in the
literature [40], actual demonstrations of high polarizations in cells suitable for targets are
much more recent [41]. For the recently finished SLAC experiment E154, the diode laser
system was used for the spin exchange polarized *He target.

4. Polarimetry

Polarimetry will be accomplished by two means. During the experiment, polarization will
be monitored using the NMR technique of adiabatic fast passage (AFP) [42]. The signals will
be calibrated by comparing the *He NMR signals with those of water. The calibration will be
independently verified by studying the frequency shifts that the polarized *He nuclei cause
on the electron paramagnetic resonance (EPR) lines of Rb atoms. This second techniques
will be performed in separate target studies, not during the experiment. For this experiment
we will use the hadron HRS spectrometer as beam and target polarization monitor, the NMR
technique of the target polarization measurement will be used as cross check.

5. Apparatus Overview

The target will be in air or, perhaps, in a helium bag. This greatly simplifies the design.
The main components of the target are shown in Fig. 5. The “main coils” shown are large
Helmholtz coils that will be used to apply a static magnetic field of about 20 Gauss. In
addition to establishing the quantization axis for the target, the main coils are important
for suppressing relaxation due to magnetic field inhomogeneities, which go like 1/B?%. At
20 G, inhomogeneities can be as large as about 30 mG/cm while keeping 'sg < 1/100 hours.
By increasing the applied field to about 40 G, and relaxing our requirements on ['ap by about
factor of two, inhomogeneities as large as 0.25 G/cm can be tolerated. We are still finalizing
our final choice of static field.

The NMR components in the target include a set of RF drive coils, and a separate set
of pick-up coils. Not shown in the figure are the NMR electronics, which include an RF
power amplifier, a lock-in amplifier, some bridge circuitry, and the capability to sweep the
static magnetic field. The oven shown in Fig. 5 is constructed of Torlon, a high temperature
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plastic. The oven is heated with forced hot air. The optics system will either include five
Ti:sapphire lasers (only one is shown) or 2-4 laser diode systems. Either way, there will also
be several lenses-and a quarter wave plate to provide circular polarization.

D. The Spectrometers

The two Hall A HRS spectrometers will be used for this experiment, with the electron
HRS spectrometer in its standard configuration for detecting the quasi-elastically scattered
electrons and the hadron HRS spectrometer for detecting the elastically scattered electrons
from the *He target. The pion rejection from the electron by the combination of a gas
Cerenkov counter and a shower counter in the electron HRS spectrometer is more than that
is required for this experiment. The gas Cerenkov counter in the hadron HRS spectrometer
will provide adequate pion rejection for detecting the elastically scattered electrons. The
most forward scattering angle for the electron HRS spectrometer is 20.8° and the maximum
sacttering angle for it is 34.9°. The hadron HRS spectrometer will be fixed at one angle
for each of the beam energies (24° for 0.8 GeV and 16° for 1.6 GeV). The highest singles
rate in the electron HRS spectrometer is 6.1 KHz and the highest singles rate in the hadron
spectrometer 1s 2.2 KHz, which are much lower than the designed 10 KHz data acquisiton
rate for Hall A. The central momentum and angle settings corresponding to the top of the
quasi-elastic peak for the electron arm spectrometer are listed in Table [. A 10% momentum
acceptance of the spectrometer will cover an adequate electron energy loss region on both
sides of the quasi-elastic peak to provide precise measurements of Ar/{w) at all Q* proposed
so as to constrain theoretical calculations of Ar/(w).

E. Background

At all the kinematics for detecting the quasi-elastically scattered electrons {electron HRS)
and the elastically scattered electrons (hadron HRS), the electro-produced pion rates are
negligible compared with the expected electron rates (< 1%). Furthermore, both spectrom-
eters are equipped with gas Cerenkov counters, so pior background is not a concern for this
experiment. As was discussed earlier, the target would be filled with the “contaminants”
33Rb ( 72.165% of the natural Rb abundance) and 37Rb (27.835% natural abundance) as
well as }*N in the form of molecular nitrogen, so “empty target”, i.e. without ®He in the tar-
get, background studies will be performed at all proposed kinematics before the experiment
during the checkout.

F. Systematic Uncertainties

We aim at a 2% statistical accuracy for Ap: on top of the *He quasi-elastic peak at
all the Q? points proposed. So as not to limit our data by the systematic uncertainties
associated with the determinations of the beam and target polarizations using the Moller
polarimeter (beam) and the NMR measurement (target), we propose to use the hadron
HRS spectrometer as a monitor of the beam and target polarizations constantly during the
experiment. The *He elastic charge and magnetic form factors at Q2 = 0.1,0.2 {GeV/c)®
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were determined by Rosenbluth separation [43] to overall uncertainties of 1.5%. Thus, by
precisely measuring the elastic asymmetry at Q% = 0.1,0.2 (GeV/c)?, the product of the
beam and target polarizations can be determined to an overall uncertainty of 3%. As
cross check the beam polarization will be measured during the experiment using the Moller
polarimeter and the target polarization will also be monitored using the NMR. technique.

For helicity-dependent asymmetry measurements, any helicity-correlated variation in
the system will cause a systematic uncertainty in the measured asymmetry. If there is a
helicity-correlated beam charge difference for the beam pulse, there will be an asymmetry
contribution to the experimental asymmetry from the helicity-correlated beam energy shift
due to the beam loading effect, as the physical cross section is energy dependent. The empty
target background might be dependent on the beam position, which will be studied carefully
before the experiment. If there were helicity-correlated beam motion, then there would be
an asymmetry contribution to the measured asymmetry from this beam motion as the empty
target yield would be different for each of the electron helicities. False asymmetries from
helicity-correlated beam current shift, beam motion, as well as the detector efficiency change
need to be addressed carefully.

For the Bates experiment 88-25 {11], all these effects were studied very carefully. The
average helicity-correlated current shift weighted by the beam charge in each run is —A_;L =
23.3 £ 324.6 ppm. The total accumulated beam charge for this analysis is 26.2 Coulombs.
The average beam peak current during the experiment was around 2.5 mA; the size of
the contribution to the measured asymmetry from this helicity-correlated beam current
variation has been estimated to be approximately four orders of magnitude smaller than
the measured quasi-elastic asymmetry. The average helicity-correlated beam motion from
analyzing all the beam position monitor data is —0.20 £+ 1.06 g m for the z position and
0.08 % 1.14 g m for the y position. The calculated asymmetry contributions due to the
helicity-correlated beam motion are approximately four orders of magnitude smaller than
the measured asymmetry. The weighted average of the relative drift chamber efficiency
variation is 0.03 X 0.90% for the full target runs, and —1.34 + 4.82% for the empty target
runs, and again the false asymmetry from the helicity-correlated detector efficiency change is
negligible compared with the measured asymmetry. Although the Bates machine has a duty
factor of 1% operated at 600 Hz with flipping of the electron helicity on the pulse-by-pulse
basis, a helicity flipping rate of 30 Hz is anticipated at CEBAF. Thus, from the analysis
shown above from the Bates experiment, we do not expect to have significant systematic
uncertainties associated with helicity-correlated effects for this experiment. From the Bates
experiment [11], the overall systematic uncertainty of the A7+ measurement is dominated by
the uncertainties in determining the beam and target polarizations. The overall systematic
uncertainty in Ay measurement is expected to be 3%.

IV. BEAM TIME REQUEST

In calculating the 3He quasi-elastic cross section, we used the y-scaling calculation [44]
which describes the quasi-elastic cross section as the product of a kinematic factor, a single-
nucleon cross section, and a universal scaling function of the scaling variable y. The extracted
spin-averaged quasi-elastic cross sections from the Bates experiment 88-25 [11] agree well
with the y-scaling calculation [44], and also agree within +5% with the measured cross
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sections [45] scaled to its kinematics. The 3He quasi-elastic asymmetry was calculated by
Ishikawa et al. [21]. In calculating the rates, a target volume density of 2.5 x 10%® atoms/cm?,
a solid angle of 7 msr, together with a 10% spectrometer momentum bite were used. The
effective target length acceptance by the spectrometer is 10 cm/ sin(4), where @ is the electron
scattering angle. In estimating the beam time, we assumed 70% for the beam polarization,
40% for the target polarization, 0.94 for the dilution factor for the *He nuclei, and 90% for the
detection efficiency. Table II lists the beam time in hours for all the kinematics which results
in a relative statistical uncertainty of 2% for Ay on top of the quasi-elastic peak (a bin size
of 20 MeV for the electron energy transfer, w). Fig. 6 shows the proposed measurements of
Ar:(w) with the anticipated statistical errors, together with the calculation by Ishikawa et
al. [21] at proposed Q?. Fig. 7 shows the recent data on G, at low Q* together with the
anticipated results on G%; from this experiment, with the total errors being the quadrature
sum of the statistical, systematic, and model dependence uncertainties.

For the elastic asymmetry measurements, the hadron spectrometer will be employed to
detect the elastically scattered electrons. Table III lists the kinematics settings for the *He
elastic peak at beam energies of 0.8 and 1.6 GeV. At the kinematics chosen for the elastic
asymmetry measurements, the *He elastic peak is well separated from the elastic peaks from
nitrogen and Rb. Therefore, the experimental *He elastic asymmetry is only diluted by the
product of the beam and target polarizations. The elastic rates for electron beam current
of 10pA and the beam time corresponding to 1% and 1.5% statistical uncertainties of the
elastic asymmetry measurements are also listed in Table III. Again, we assumed 40% for the
target polarization, 70% for the beam polarization, and 90% for the detection efficiency. To
emphasize, no additional beam time is needed for the elastic asymmetry measurements be-
cause the data will be taken simultaneously with the quasi-elastic asymmetry measurements
to monitor the beam and target polarizations.

So we request 217 hours for the *He quasi-elastic asymmetry measurements. In addition,
we request 40 hours for the “empty” target studies, and an overhead of 50 hours for the beam
energy change, beam polarization measurements, the spectrometer angle changes, and the
target polarization alignments. In addition, we request two days of beam time for checkout.
Thus, in total we request 355 hours (15 days) of beam time. This beam time estimate
includes no contingency factor for the accelerator or spectrometer operation.
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FIG. 6. Proposed measurements of Ay with errors being the statistical uncertainties
at proposed Q?, together with the calculations by Ishikawa et ¢l. [21]. The quasi-elastic
peak is indicated by the arrow for each kinematics.
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FIG. 7. The square of the neutron magnetic form factor G}, in units of the stan-
dard dipole parametrization, (4,Gp)?, in the low Q? region. The anticipated (G%,)?
values from this proposal are shown as solid squares with the total errors being the
quadrature sum of the statistical, systematic, and model dependence uncertainties.

V. COLLABORATION BACKGROUNDS AND RESPONSIBILITIES

This experiment requires a spin-exchange polarized *He target and longitudinally polar-
ized electron beam at a relatively low beam current (10xA), no special equipment outside of
that proposed in the Hall A CDR is required. The spin-exchange polarized 3He target will
be provided by this collaboration which includes: Helmholtz coils for the holding field and
the target polarimeter. Many members of this collaboration were involved significantly in
the SLAC E142 experiment and the Bates 88-02 and 88-25 experiments in which polarized
3He targets were employed. Also a significant fraction of this collaboration is involved in the
on-going HERMES and the SLAC E154 experiments. This collaboration has much experi-
ence in running experiments with polarized electron beam and polarized 3He targets. We
request from CEBAF the beam pipe instrumentation, i.e. beam position and beam current
monitors, as well as support from CEBAF for the target installation.
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TABLES

E E' 8 6, Q?
(GeV) (GeV) (degree) (degree) (GeV/c)?
0.8 0.746 23.6 -68.84 0.1
0.8 0.694 34.93 -59.76 0.2
1.6 1.440 20.79 -63.62 0.3
1.6 1.387 24.51 -59.57 0.4
1.6 1.334 28.01 -56.00 0.5

TABLE 1. Kinematics for the quasi-elastic 35 e(€, ¢') reaction. 4, is the angle between
the three-momentum transfer vector, § and the incident electron beam direction. The
negative sign indicates that it is on the other side of the beam line compared with the

scattered electron direction.

E Q? I Rate A a4 Time
(GeV) (GeV/e)? (14) (Hz) (%) (hrs)
0.8 0.1 5.0 6114.0 -1.76 0.02 27.0
0.8 0.2 10.0 795.0 -3.89 0.02 32.0
1.6 0.3 10.0 3195.0 -2.88 0.02 29.0
1.6 0.4 10.0 877.0 -3.85 0.02 54.0
1.6 0.5 10.0 373.0 -4.90 0.02 75.0

TABLE II. The estimated 3.F}e(é', ¢') quasi-elastic rates and the beam time for all the
Q? points proposed. 40% for the target polarization, 70% for the beam polarization,
0.94 for the dilution factor, and 90% of detector detection efficiency were assumed in

the beam time estimation.
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E E' 8 Q? Rate Ad Time
(GeV) (GeV) (degree) (GeV/c)? (Hz) (hrs)
0.8 0.781 24.0 0.10 2270.0 0.01 4.1
’ 1.6 1.566 16.0 0.20 602.0 0.015 6.9

TABLE IIl. The kinematics, rates and beam time for 3He elastic asymmetry mea-
surements. An eleciron beam current of 10 gA, a target polarization of 40%, a beam
polarization of 70%, and a detection efficiency of 90% were assumed in the rates and
beam time calculations.
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