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Measurements of the spin-dependent asymmetry in scattering longitudinally polarized electrons 
from polarized 3He at  quasielastic kinematics are reported. The measurements were made at two 
kinematics and spin angles, one sensitive to the helicity-dependent transverse-longitudinal interfer- 
ence response function, RTLt, and the other to the helicity-dependent transverse response function, 
R T ~ .  For the experiment a metastability exchange optically pumped polarized 3 ~ e  target was used; 
a general discussion of the technique used to polarize the 3 ~ e ,  along with the details of the design 
and operation of the target system, are presented here. A comparison is made of the world's data 

f 

on the 3He(i5 e') quasielastic asymmetry with several theoretical predictions, including calculations 
that use the plane wave impulse approximation and a fully spin-dependent spectral function. There 
is good agreement between data and theory at  the current level of experimental precision. 

PACS number(s): 24.70.+s, 25.10.+s, 25.30.Fj, 29.25.Pj 

I. I N T R O D U C T I O N  

Among the  experimental techniques used to  probe nu- 
clear structure, electron scattering stands out in terms of 
the  quality of information it provides about the  electro- 
magnetic structure of nuclei and nucleons. Until recently, 
the  low luminosity attainable with polarized beams and 
targets limited electron scattering experiments primar- 
ily to  unpolarized studies. However, recent advance- 
ments in both beam and target technologies make fea- 
sible experiments tha t  use polarization degrees of free- 
dom for more complete studies of electromagnetic and 
electroweak properties. As a result, spin-dependent elec- 
tron scattering has evolved into a significant part of the  
physics program a t  a number of accelerator facilities. 

One of the  nuclei currently receiving much attention 
for polarized studies is 3He. The interest arises because 
of theoretical predictions tha t  in the  quasielastic scatter- 
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ing region the  spin-dependent properties are dominated 
by the  neutron within the  nucleus [I], a phenomenon that  
occurs because the  3He wave function is predominantly 
a spatially symmetric S state in which the  protons oc- 
cupy a spin-singlet state. Therefore, experimental stud- 
ies of polarized 3He can provide information about the 
electromagnetic properties of the  neutron. Although de- 
tailed studies of the proton have been pursued for several 
decades, much less is known of the  neutron electromag- 
netic properties because free neutrons beta decay with 
such a short half-life tha t  they cannot be made into a 
dense target. Our current knowledge of the  neutron elec- 
tric form factor is rather limited: Only the  slope of Gg 
a t  zero four-momentum transfer squared (Q2 = 0 )  is well 
determined [2]. The bulk of our knowledge about the  Q2 
dependence of Gg comes from unpolarized scattering ex- 
periments using deuterium targets, which are subject t o  
uncertainties because of the  sensitivity to  the  deuteron 
wave function and the  large corrections for the  proton 
contribution to  the  cross section. 

New techniques t o  measure Gg are needed, and mea- 
surements that  use polarization observables to  enhance 
the  sensitivity t o  the  neutron properties are an attractive 
alternative. One such technique is the  use of longitudi- 
nally polarized electrons and polarized 3He mentioned 
above. For inclusive quasielastic scattering with both 
beam and target polarized, the  cross section contains a 
term dependent upon the  interference between the  charge 
and magnetic matrix elements tha t  enhances the  contri- 
bution from the  neutron electric form factor. If the  3He 
ground state were entirely a symmetric S state, then the  
spin of the  nucleus would be carried solely by the  neutron. 
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In this case, measurements of spin-dependent quantities 
in quasielastic scattering would be sensitive to  neutron 
electromagnetic form factors without background from 
the protons, which would contribute only to the unpo- 
larized cross section. In reality, because of the small ad- 
mixture of other states in the 3He wave function, the 
protons also contribute to the spin-dependent cross sec- 
tion and should be taken into account when extracting 
information about the electromagnetic properties of the 
neutron. 

The experiment described here, the first to use a po- 
larized 3He target and a polarized electron beam, is a 
measurement of the spin-dependent asymmetry in inclu- 
sive quasielastic scattering. The experiment was per- 
formed at the MIT-Bates Linear Accelerator Center us- 
ing 574 MeV longitudinally polarized electrons and a po- 
larized 3He target designed and built at  Caltech. Data 
were collected in two spectrometers to obtain asymmetry 
measurements that contain complementary information 
about the neutron form factors, with one asymmetry sen- 
sitive to Gg and the other sensitive to G k .  The results 
have been published previously [3]; this paper provides 
more complete information about the data analysis and 
the final results, along with a detailed description of the 
polarized 3He target, which uses metastability exchange 
optical pumping to orient the nuclei in a small holding 
field. 

11. T H E O R E T I C A L  O V E R V I E W  

The detailed formalism for inclusive electron scatter- 
ing including polarization degrees of freedom is given by 
Donnelly and Raskin [4]. Although they treat the gen- 
eral case where the electron is polarized in an arbitrary 
direction, we restrict ourselves to the experimentally in- 
teresting case where the electrons are longitudinally po- 
larized, with helicity h. We also consider only a spin-$ 
target, for which the formalism simplifies even further. 

In general, the target spin can be oriented in any direc- 
tion; the spin direction S is specified relative to the direc- 
tion of the three-momentum transfer q by the two Euler 

particle, the differential cross section separates into two 
terms, one that is independent of the polarizations of the 
beam and target and one that contributes only if both 
beam and target are polarized. Typically, the cross sec- 
tion is written in terms of quasielastic response functions, 
which depend upon Q2 and w and contain the informa- 
tion about the electromagnetic structure of the target: 

where 

and 

A = -aMott [ COS ~*VT 'RT/  ( Q ~ ,  W) 

+2 sin e* cos +*VTL/ R T L ~  ( Q ~ ,  w)]. (3) 

U ~ , t t  is the Mott cross section and the VK are kinematic 
factors defined as 

The RL response function contains Coulomb matrix el- 
ements only, and RT and RTl depend only upon prod- 
ucts of transverse electromagnetic matrix elements, while 
RTL1 results from the interference of Coulomb and trans- 
verse matrix elements. 

The spin-dependent asymmetry is the ratio of the 
helicity-dependent term in the cross section to the 
helicity-independent term, 

angles e* and +*, where cose* = S . q/(ql and +* is the 
angle between the electron scattering plane and the plane 
containing S and q. The expressions for the cross section 

( )  A(O*,+*) 
A = - 

are derived assuming the Born approximation, a single- (A] d n d E  + + (m) d20 - - C 1 
(8) 

photon-exchange interaction, and the extreme relativistic 
limit for the electrons. The kinematic dependence is ex- 
pressed in terms of the electron scattering angle 8, the where +(-) denotes the helicity of the incident electron. 
energy transfer w, the three-momentum transfer q, and Expressed in terms of the quasielastic response functions, 
Q2 = 1qI2 - w2. For quasielastic scattering from a spin-; the asymmetry is 

A = - COS O*VT~RT~ (Q2, W) + 2 sin e* cos +*vTLj RTL, (Q2, W) 

V L R L ( Q ~ ,  W) + ~ T R T ( Q ~ ,  W) 

In practice, the asymmetry that one measures experi- The sensitivity of AeXpt to each spin-dependent response 
mentally is reduced from the value given above by the function can be optimized by varying e*, the angle be- 
degree of polarization of the target and beam, tween the nuclear spin and q. For the case where the tar- 

get polarization axis is in the scattering plane, if e* = 0°, 
Aexpt = PtPeA. (10) then the asymmetry is maximally sensitive to RTl, and if 
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Q* = 90°, the asymmetry is maximally sensitive to  RTL,. 
The spin-dependent quasielastic response functions of 
3He are predicted to  be quite sensitive to the electro- 
magnetic form factors of the neutron [I]. In particular, 
Ry depends primarily upon ( G k ) 2  and RTLt depends 
upon (GEGk). 

The 3He ground state wave function is predominantly 
S state, with small admixtures of approximately 8% D 
state and 2% Sf state. The S state is a spatially sym- 
metric, spin-isospin antisymmetric state in which the pro- 
tons' spins are coupled to spin 0 and the neutron carries 
the 3He nuclear spin. The S' state is an L = 0 mixed 
symmetry state that arises because of the spin depen- 
dence of the nucleon-nucleon interaction. The D state is 
an L = 2 state in which the nucleon spins are oriented 
predominantly opposite the orbital angular momentum. 
Both the Sf- and D-state com~onents dilute the fraction 
of the nuclear spin carried by the neutron. 

A s i m ~ l e  model of the contribution of the neutron 
within 3He to the spin-dependent asymmetry has been 
suggested by Friar et al. [ 5 ] .  They estimate the fraction 
of the polarization carried by  the neutrons in a sample 

of 100% polarized 3He, using ground state wave func- 
tions obtained from a number of different nuclear poten- 
tial models and constraining the results with the exper- 
imental binding energy of 3He. They suggest that the 
3He quasielastic asymmetry can be approximated by 

In this model, the 3He asymmetry is decomposed into 
the contributions from the free nucleon asymmetries for 
the proton and the neutron, diluted by the relative cross 
sections and the fraction of the nuclear spin carried by 
each. 6 and 6' depend upon the state probabilities of the 
3He ground state wave function, 6 = [2P(D) + P(S1)]/3 
and 6' = [P(D) - P(S1)]/6. They estimate 6 = 0.07 f 
0.01 and 6' = 0.014 f 0.002, where the error bar reflects 
the uncertainty due to  nuclear structure effects. A,, and 
A,, depend only upon the free nucleon form factors and 
kinematic factors, and can be written in terms of the 
Sachs form factors as 

AeN = - 
~ T U T '  COS 6* ( G g ) 2  - 2J-u~~' sin 6" COS $6* (Gg) (Gg)  

(1 -k T)VL (Gg)2  f ~ T V T ( G ~ ) ~  7 

where T - Q2/4rn5. This model does not predict the w 
dependence of the asymmetry; the S ,  S': and D states are 
assumed to  be equally sampled by all quasielastic scat- 
tering events. Despite this limitation, the model gives a 
physically intuitive description of 3He. Perhaps the most 
important feature of the model of Friar et  al., though, 
is that it provides an estimate of the magnitude of the 
uncertainty from nuclear structure effects in theoretical 
calculations of the 3He asymmetry by using different po- 
tentials in the calculation. 

More realistic calculations of the 3He quasielastic 
asymmetry are available. In Ref. [I],  Blankleider and 
Woloshyn estimate the effect of the protons on the 
quasielastic asymmetry using the 3He ground state wave 
function of Afnan and Birrell [6], obtained by solving 
Faddeev equations with the Reid soft-core potential. For 
the calculations they model quasielastic electron scatter- 
ing in the plane wave impulse approximation. Rather 
than using a spectral function for 3He, which would in- 
clude both Fermi momentum and binding energy effects, 
they make a closure approximation to  sum over final 
states so that they use a spin-dependent momentum dis- 
tribution to  calculate the nuclear effects. Figure 1 shows 
the 3He quasielastic asymmetry as a function of w for 
E = 574 MeV, 8 = 44", and Q2 = 0.158 ( G ~ V / C ) ~ ,  cal- 
culated following Blankleider and Woloshyn. The asym- 
metries for 6* = 0" (A K RT,)and Q* = 90" and $6* = 0" 
(A K RTL,) are shown separated into contributions from 
the protons and the neutron. The relative contribution 
from the protons is smaller for Q* = 0" where, within the 
model of polarized 3He primarily as a polarized neutron, 
the asymmetry is dominated by the magnetic form factor 

50 100 150 

u (MeV) 

FIG. 1. Calculated 3 ~ e  quasielastic asymmetry (solid 
line) a s  a function of energy transfer for E = 574 MeV and 
0 = 44": using the formalism of Blankleider and Woloshyn. 
The upper graph is the asymmetry for 0* = 0°, and the lower 
is for 0' = 90". The contributions from the protons (dots) 
and neutrons (dashes) are shown. The top of the quasielastic 
peak is indicated by the arrow. 
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of the neutron. At the top of the quasielastic peak, the 
proton contribution is relatively small. For 6'* = 90°, the 
calculation indicates that the proton contribution is com- 
parable to that of the neutron over much of the quasielas- 
tic peak, and that it dominates in the tails of the peak. 

Recently, calculations of the asymmetry in the 
+ 

3He(Z,e') reaction were made using a fully spin- 
dependent spectral function calculated with the Reid 
soft-core interaction [7]. Ciofi degli Atti, Pace, and Salm& 
studied the validity of the closure approximation made 
by Blankleider and Woloshyn, the size of the proton con- 
tribution to  the asymmetry as a function of energy and 
momentum transfer, and the dependence of the asymme- 
try on the nucleon form factors. They find that the clo- 
sure approximation gives results that differ by as much as 
100% from the full calculation in the tails of the quasielas- 
tic peak where the S' and D states dominate the asym- 
metry. They also find smaller differences between the 
asymmetries at the top of the quasielastic peak calculated 
with the two methods. The differences tend to become 
less significant at higher Q2. 

Theoretical calculations of the 3He quasielastic asym- 
metry so far have been done only within the plane wave 
impulse approximation, although calculations including 
final state interactions are planned [8]. Experimental 
data exist for the unpolarized inclusive quasielastic scat- 
tering cross section [9], and calculations including final 
state interactions have been done and compared to these 
results [lo].  The comparison indicates that the spin- 
independent longitudinal response function RL is well de- 
scribed when final state interaction effects are included. 
The experimental data for the transverse response func- 
tion RT are adequately described by the plane wave 
impulse approximation. The calculation including fi- 
nal state interactions underestimates RT, suggesting that 
meson exchange currents may be needed to explain the 
data. Experimental data from polarized quasielastic elec- 
tron scattering, combined with asymmetry calculations 
that include final state interactions and meson exchange 
currents, could give information needed to clarify the re- 
action process. 

111. EXPERIMENTAL OVERVIEW 

Quasielastically scattered electrons were detected in 
two magnetic spectrometers, OHIPS and BIGBITE, lo- 
cated in the South Ex~erimental Hall of the MIT-Bates 
Linear Accelerator Center. The target contained 2.1 torr 
polarized 3He gas, cooled to 16.7 K,  with the nuclei polar- 
ized through metastability exchange between the ground 
state 3He atoms and optically pumped 23S1 metastable 
atoms. The target cell had an effective target length seen 
by the spectrometers of 10 cm, corresponding to a target 
thickness of 1.2 x 1019/cm2. Because the polarized 3He 
target design is new, it is described in detail in Sec. IV 
while the other aspects of the experiment are discussed 
here. 

A beam of longitudinally polarized electrons at 
574 MeV incident energy, obtained from a conventional 
GaAs source [I l l ,  was used for the experiment. The typi- 
cal peak current at the target was 1 mA, with a pulse rate 

of 600 Hz and pulse length of 15 psec. The beam energy 
was known to a precision of 1% and was chosen to provide 
longitudinally polarized electrons at the target chamber 
after spin precession through the bending magnets in the 
beam transport system. The electron helicity was varied 
randomly on a pulse-by-pulse basis. The beam polar- 
ization, measured with a M~l le r  polarimeter upstream of 
the target chamber [12], was P, = 40.5 f 4.2 %. 

The layout of the experimental apparatus is shown in 
Fig. 2. Inclusive measurements of the scattered electrons 
were made independently in the two detector arms. Ta- 
ble I contains a summary of the kinematics for the mea- 
surements. OHIPS was placed at an angle of 51.1°, with 
the central momentum of the spectrometer set to corre- 
spond to the center of the quasielastic peak (462 MeV). 
The solid angle of OHIPS for the extended target was 
12.2 msr and the momentum acceptance was 15%,  mea- 
sured with elastic scattering from a 12C target. The BIG- 
BITE spectrometer, located at an angle of 44.0°, had a 
sufficiently large momentum acceptance (&25%) to de- 
tect both elastic events and a large part of the quasielastic 
spectrum. The central momentum of the spectrometer 
was 517 MeV, which corresponds to  placing the center of 
the quasielastic peak at 6p/po  -5%. Because the mo- 
mentum analysis of the BIGBITE spectrometer is done 
by bending the particles in the scattering plane, the mo- 
mentum resolution is poor for an extended target. For 
a 10-cm-long target viewed at 44O, the momentum res- 
olution is 13.5% full width at half maximum (FWHM). 
The solid angle of BIGBITE is calculated to  be 7.1 msr 
using the Monte Carlo program TURTLE [13]. In general, 
knowledge of the spectrometer acceptance is not criti- 
cal for an asymmetry measurement because to first order 
spectrometer properties cancel in the ratio of the cross 
sections. 

FIG. 2 .  Layout of the spectrometers and the laser used for 
optical pumping. The kinematics of the quasielastic events 
detected by each spectrometer are indicated on the drawing. 
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TABLE I. Kinematics of the OHIPS and BIGBITE mea- 
surements at the top of the quasielastic peak. 

Spectrometer 0 Q2 Iql @, 

(deg) (Gev/cI2 (MeV/c) (deg) 
OHIPS 51.1 0.20 460 -52.4 
BIGBITE -44.0 0.16 406 56.9 

The unpolarized cross section was calculated from the 
experimental data and compared with previous measure- 
ments in the same kinematic region as a check on our 
determination of the target thickness. The experimental 
cross sections agree with previous 3He quasielastic mea- 
surements [9] that are scaled to the appropriate kinemat- 
ics using y scaling [14] within the systematic uncertainty 
of &lo% (primarily due to  spectrometer acceptance) in 
the extracted cross sections. 

The target spin was oriented in three different direc- 
tions over the course of the experiment. In all cases the 
spin axis lay in the scattering plane. The directions, spec- 
ified in terms of P, where cos p = S . ki/lkil, where ki 
is the incident electron momentum, were p = -51.5", 
-44.5", and f135.5'. In this notation, the plus sign in- 
dicates angles to beam right. The first orientation corre- 
sponds to  B* = 0.9' for the OHIPS quasielastic kinemat- 
ics and B* = 108.4' for BIGBITE kinematics. The second 
orientation was chosen to make the BIGBITE measure- 
ment more sensitive to Gg and yet has little effect on the 
sensitivity of the OHIPS measurement to GL. Finally, 
the spin direction was reversed to  check for systematic 
errors. 

IV. POLARIZED 3He TARGET 

The polarized 3He target makes use of a technique de- 
veloped in the early 1960s by Colegrove, Schearer, and 
Walters [15], whereby ground state 3He nuclei are polar- 
ized through metastability exchange collisions with op- 
tically pumped 3He metastable atoms. Recently intense 
laser sources of optical pumping light at the wavelength 
of the 23S + 23P transition in 3He (A = 1.0834 pm) 
1161 became commercially available, making feasible po- 
larized 3He targets of sufficiently high polarization and 
density for electron scattering experiments. The target 
described here is a two-cell closed system for use as an 

tion is a significant source of systematic error. 
The 3He target can be rapidly polarized, on the time 

scale of several minutes, using metastability exchange op- 
tical pumping. The ability to rapidly polarize a sample 
of pure 3He makes this technique ideal for internal tar- 
gets where the polarized gas flows through a windowless 
target cell [17]. The optical pumping procedure works 
as follows: The metastable 23S1 population is produced 
using a weak rf discharge (f E 200 kHz) in a cell of 3 ~ e  
gas at a pressure of order 1 torr. The ratio of ground 
state atoms to z3S1 atoms is approximately 106:1; the 
exact value depends upon the discharge level. The cell 
is placed in a homogeneous magnetic field with the B 
field direction defining the spin quantization axis. For 
the target, Helmholtz coils were used for the B field so 
that the spin orientation was easily changed by rotating 
the coils. Circularly polarized light at the wavelength of 
the 23S1 --t. 2 3 ~ 0  atomic transition, incident upon the 
3He atoms, induces Am = +(-)l  transitions for right- 
handed (left-handed) circularly polarized light, where m 
is the magnetic quantum number. The electronic polar- 
ization is transferred to the nucleus through the hyper- 
fine interaction. The 23Po state decays through photon 
emission with equal probability to  any accessible state, 
and repeated absorption and emission polarize the 23S1 
metastable atoms. The polarization is transferred to  the 
ground state nuclei through metastability exchange col- 
lisions, which exchange the excitation of the atomic elec- 
trons without altering the nuclear spins of the atoms in- 
volved. The collision process can be written schemati- 
cally as 

The 3He atomic energy levels relevant to the optical 
pumping process are shown in Fig. 3. The nine lines of 
the 23S -+ 23 P transition are designated by the notation 
C1-C9. At a pressure of 2 torr, where the target used for 
this experiment was operated, collisional depolarization 
in the 23P state is important and higher polarizations are 
attained by optical pumping on the C8 and C9 lines [18]. 
The optical pumping technique is limited to relatively 
low pressures, 0.1 - 10 torr. At the lower end of this 
pressure range, the attainable polarization is limited by 
collisions with the walls of the container, which cause spin 
relaxation, and at the higher pressures the lifetime of the 
metastable atoms limits the efficiency. The metastability 

external target. The target density is increased by cp- 
tically pumping the 3He in a cell at room temperature 
and using another cell, cooled to  cryogenic temperature 
and connected by diffusive transfer to  the pumping cell, 
as the target cell. 

In this target, the 3He atoms are present as an isotopi- 
cally and chemically pure polarized species. This is espe- F = 3/2 

cially important for quasielastic scattering experiments F=  1/2 
F= 3 / 2  

where the total number of nucleons is relevant and other ~ = 5 / 2  

nuclear species present in the target contribute to  the 
background under the 3He quasielastic peak. The purity 
of the gas eliminates the need for kinematic unfolding 
of the dilution of the asymmetry due to  the presence of 
other polarized or unpolarized nuclear species; such dilu- FIG. 3. Level diagram for the 23S and 2 3 P  states of 3He. 
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exchange cross section is a strong function of the temper- 
ature, with the exchange rate decreasing approximately 
two orders of magnitude between room temperature and 
liquid helium temperature [19]. For this reason, although 
the target cell can be cooled to  cryogenic temperatures, 
the pumping cell is operated at room temperature for 
better ground state polarization efficiency. The density 
of the target can be increased by either cooling the tar- 
get cell, as is done with the system described here, or 
compressing the gas after optical pumping [20]. 

The polarized 3He target is shown schematically in 
Fig. 4. I t  is a double-cell system with a Pyrex pumping 
cell at  room temperature connected via a Pyrex trans- 
fer tube to  a cooled copper target cell through which 
the beam passes. Since the target cell is constructed 
of metal, it is mechanically, thermally, and electromag- 
netically robust in the presence of a high-intensity elec- 
tron beam. The pumping cell, a Pyrex cylinder 5 cm in 
diameter by 10 cm long, is located outside the scatter- 
ing chamber and is connected by a Teflon-glass valve to 
the gas inlet system. Four discharge loops encircling the 
pumping cell produce the weak discharge that creates the 
metastable atoms. The transfer tube has an inner diam- 
eter of 0.93 mm and is epoxied (Stycast 2850GT with 
catalyst LV24) to  the target cell. The target cell is made 
of a 16-cm-long OFHC copper cylinder of inner diame- 
ter 2.54 cm and thickness 0.25 mm, with 4.6 pm copper 
foil windows epoxied at both ends. The target cell is at- 
tached to a Cryomech GB04 closed-cycle helium refrig- 
erator by copper braids, which provide mechanical flexi- 
bility during cooling. Carbon-glass temperature sensors, 
used to  monitor the target temperature, are mounted at 
the middle and end of the cell. The scattering cham- 
ber is made of 6061 A1 and has 0.25-mm-thick A1 exit 
windows along the sides. To ensure that electrons scat- 
tered from the entrance and exit windows were not de- 
tected by the spectrometers, 2.54-cm-thick tungsten col- 
limators were placed outside the exit windows to restrict 

the effective target length seen by the spectrometers to  
10 cm. Encircling the scattering chamber were coils in a 
near Helmholtz configuration that generated a magnetic 
holding field of 18 G at the center of the coils. The mag- 
netic field direction, which serves as the spin quantization 
axis, was determined to a precision of k0.5'. The target 
was operated at a gas pressure in the range from 1.95 to 
2.15 torr; the temperature monitor provided information 
about the target pressure variations. The temperature 
without beam on target was N 16 K and rose about 1 
K with 15 pA of beam current. The change in temper- 
ature from beam heating of the target caused less than 
1% change in the fraction of atoms in the target cell. 

The laser and polarizing optics are shown in Fig. 5. 
The laser that provided the optical pumping light con- 
tains a YAP crystal in an elliptical cavity with the crys- 
tal at  one focus and a krypton arc lamp at the other 
focus. The laser operates in cw mode. The YAP crys- 
tal, doped with 0.7% neodymium, is 4 mm diameter by 
79 mm long, with the a crystalline axis along the rod 
axis. A birefrinnent filter and a 0.25-mm-thick uncoated 

u 

glass ktalon are used to  tune from the primary frequency 
of the Nd:YAP crystal, which corresponds to  1.0795 pm 
light, to 1.0834 pm, the wavelength of the metastable 
transition. The coarse frequency tune is monitored with 
a monochrometer, and the fine tuning is done by maxi- 
mizing the fluorescence of 3He in a sealed cell (0.8 torr) 
placed outside the laser cavity. The optical pumping light 
is extracted from the cavity as the loss off the two faces 
of the birefringent filter. The relative orientation of the 
birefringent filter and the YAP crystal is chosen so that 
the light from the laser is linearly polarized along the 
c crystalline axis. To be circularly polarized, the light 
passes through a linear polarizer, oriented for maximum 
transmission, and a quarter-wave plate, oriented at 45' 
to  the linear polarization axis, placed outside the laser 
cavity. The sense of circular polarization of the pumping 
light is changed using left and right circular polarizers 

Pumping cell (Pyrex) md 

foil window 

temperature 
sensor 

end view of target 

1-1 +- transfer tube (Pyrex) 

L temperature sensor 

- 

braid block 

to refrigerator 

FIG. 4. Schematic of the polarized 3 ~ e  
target double-cell system. The relative po- 
sitions of the pumping cell, transfer tube, 
and target cell are shown, in addition to the 
temperature sensors, gas inlet valve, and the 
braid block connecting the target cell to a 
cryogenic refrigerator. 
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that are moved mechanically. The laser system used for 
this experiment provided N 300 mW power at the optical 
pumping frequency. However, currently, systems for 3He 
metastability exchange optical pumping more commonly 
use Nd:LMA laser crystals, which to  date have provided 
up to 6 W of optical pumping light [21]. 

In a double-cell system with the cells in diffusive con- 
tact so that the atoms pass back and forth between 
the two volumes, the target polarization can be deter- 
mined indirectly from the polarization of the atoms in 
the pumping cell, which is monitored continuously using 
an optical technique described below. The polarization 
of the 3He in the target cell is inferred from the mea- 
sured polarization of the atoms in the pumping cell us- 
ing knowledge of the relative volumes of the two cells, 
the exchange time between the two volumes, and the re- 
laxation time of the coupled system. A discussion of the 
coupled spin relaxation rate equations for a double-cell 
system is included in the Appendix. The polarization of 
the atoms in the pumping cell is measured using a tech- 
nique that relates the nuclear polarization to the optical 
polarization of light emitted by excited atomic states. 
Since the excited state atoms are polarized through the 
hyperfine interaction between the nucleus and the atomic 
electrons, the circular polarization of the emitted light is 
related to  the nuclear polarization. The emission from 
the 3 ' 0 2  -+ 2 l P l  transition, at  X = 668 nm, is used to  
determine the nuclear polarization. A detailed discussion 
of the technique is found in Ref. [22].  The light is detected 
and analyzed by an optical polarimeter, consisting of a 
rotating quarter-wave plate followed by a linear polarizer, 
which views the pumping cell from outside the Helmholtz 
coils (see Fig. 6). The optical polarization measurement 
has been calibrated against a direct measurement of the 
nuclear polarization using NMR at Caltech [23]. 

A major concern about any polarized target is the de- 
polarizing influences acting upon the nuclei. Because 

3He is inert and therefore is not easily incorporated into 
molecules, the spin relaxation due to  collisions is much 
smaller than that experienced by other polarized atoms 
under similar experimental conditions. Therefore, the 
spin relaxation time constants can be very long under 
suitable conditions. The major sources of spin relaxation 
are magnetic field gradients and collisions that tend to 
disorient the atoms. The depolarizing collisions involve 
interactions with electrons, ions, excited states, and im- 
purities in the gas, and interactions with atoms at the 
surface of the container. In general, depolarization from 
field gradients becomes less important at lower tempera- 
tures because the atoms diffuse more slowly throughout 
the volume, and the surface effects become more impor- 
tant at  lower temperatures because the residence time on 
the wall is longer. 

In the pumping cell, the primary source of depolariza- 
tion is interactions with ions and excited states created 
by the discharge. Since the discharge is the source of 
the metastable atoms, which are continuously optically 
pumped, this mechanism cannot be eliminated. However, 
the discharge level can be adjusted to optimize the po- 
larization in the target cell; the achievable polarization 
depends upon both the metastable population density 
and the spin relaxation rate. Because the pumping cell 
is at  room temperature, depolarization from magnetic 
field gradients is also important. The two-cell system 
is placed with the pumping cell closer to the center of 
the Helmholtz coils to  lessen the depolarizing effects of 
magnetic field gradients. 

In the target cell, which is operated at temperatures 
near 15 K,  surface depolarization effects dominate in the 
absence of beam. 3He depolarization on various surfaces 
at room temperature has been studied previously [24]. 
During the design of the target, the temperature depen- 
dence of the relaxation rate in the copper target cell was 
studied at Caltech, both with and without wall coatings 
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of frozen Ar or N2. The results, shown in Fig. 7, indi- 
cate that the surface coating increases the spin relaxation 
half-life significantly at temperatures below 25 K. No sig- 
nificant difference was noted between Ar and Nz surface 
coatings. To alleviate surface depolarization, the target 
walls were coated with frozen Nz ( N  2 x 1018/cm2) dur- 
ing operation. Since the target was operated well below 
the freezing point of the gas, no background from Ng in 
the target was seen. 

Depolarization effects in the presence of the beam arise 
from several sources. Here we consider two basic mecha- 
nisms that contribute to  the spin relaxation. One arises 
because a charged particle beam generates a magnetic 
field to  which the nuclear spins can couple. The magni- 
tude of this depolarizing effect depends upon the current 
and pulse structure of the beam, and was negligible for 
this experiment. The second beam-induced spin relax- 
ation mechanism to be discussed involves the creation of 
ions by the beam. This is the dominant beam depolariza- 
tion mechanism for the 3He target at the beam currents 
used in this experiment. References [25] and [26] present 
models of spin relaxation from the creation of atomic and 
molecular ions by an ionizing beam. The nuclei can be 
depolarized by either ionic species, but for the pressures 
used for this target the formation of the molecular ions 
3Hez + in three-body collisions becomes significant, and 
effects from molecular ions dominate. The depolarization 
occurs because the nuclear spins of 3He incorporated into 
molecular ions couple to the rotational degrees of free- 
dom. At high pressures, recombination with electrons 
in the gas tends to  destroy the molecular ions. At low 
pressures, the molecular ions are destroyed by collisions 
with the wall. The energy needed to create an atomic ion 
is approximately 50 eV/ion. An ionizing beam of parti- 
cles will create 3He+ ions per unit volume at a rate, in 
cm-3 set-l, of 

4' FIG. 6. Optical polarimeter consisting of 
a rotating quarter-wave plate, linear polar- 
izer, filter, and photomultiplier tube sensitive 
to 668 nm light from the 3'02 --+ 2 ' 5  tran- 
sition. The phototube signal is processed by 
a lock-in amplifier to extract the circularly 
polarized component of the light. 

SI w 6 x 1012 (%) (g) 7 

where I is the beam current (PA), p is the pressure (torr), 
1 the target length (cm), V the target volume (cm3), 
T the target temperature (K), and the stopping power 
[MeV/(g/cm2)]. For minimum ionizing particles incident 
on 3He, the stopping power is 2.6 MeV/(g/cm2). From 
this equation, it is estimated that N 6 x 1014 3He+ ions 

= with coa t ing  

0 = without  coa t ing  

10 20 30 40 

T (K) 
FIG. 7. Target cell relaxation half-life as a function of 

target temperature, with and without a surface coating of 
frozen argon in the target cell. 
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are formed per second for 20 pA of beam current. For this 
target, the 3He+ atomic ions are converted into 3He2 + 
molecular ions very rapidly, within approximately 8 ysec. 
The conversion rate, in cm-3 sec-l, for the atomic ions 
to become incorporated into molecular ions, written in 
terms of the atomic ion concentration C, is [26] 

For the density used for the target, recombination with 
electrons is more significant than wall collisions in de- 
stroying the molecular ions, and the molecular ions are 
concentrated near the beam path. In this case, there may 
be a polarization gradient in the target cell, where the po- 
larization of the 3He in the beam path is different from 
the average ~olarization in the cell. One estimates the 

of the target cell relaxation time, which varies with the 
beam current. The solid curve is a calculation based upon 
the geometry of the system and the measured relaxation 
times. Table I1 summarizes the results, including the 
contribution to  the relaxation time from beam effects, 
Q,,,, as a function of beam current. The beam-induced 
relaxation rate varies roughly linearly with the beam cur- 
rent. These results show that the polarized 3He target 
operates without serious loss of polarization with 40 yA 
of minimum ionizing beam current. 

During the experiment, the target polarization ranged 
between 18% and 32% with beam on target. Over the 
course of the experiment, the target performance var- 
ied, with a general decline in the polarization over a 2 
month period. The polarization was higher at the be- 
ginning of the experiment than in the latter part of the 
run. There are several factors that contributed to  the 

size of thue effect from information about the diffusion decline in the target performance. One is that the nitro- 
time of the 3He atoms in the target cell and the mea- gen coating on the foil windows was slowly evaporated 
sured values of the contribution to  the relaxation rate by the beam, on the time scale of a few days. When the 
from the beam. The beam relaxation time for 20 pA of cell was recoated with frozen nitrogen, the target polar- 
electrons, the maximum current obtained during the ex- ization improved markedly. In addition, during test runs 
periment, is N 1700 sec (see Table 11), and so the rate of of the M~l le r  polarimeter, which were done before this 
depolarization of the 3He nuclei in the target is roughly experiment started but after the target was installed in 
1.6 x 1 0 ~ ~ / s e c .  At this beam current, if the polarized the beam line, the target cell was heated by beam spray 
3He remained in the beam path, they would depolarize and contaminants were released into the cell, probably 
in approximately 20 sec. However, the atoms diffuse out from the epoxy used to attach the foil windows. The 
of the beam ~ a t h  in about 4 msec and to the walls within contaminants destrov the metastable atoms. decreasing - 
approximateiy 1 sec, and so the gas in the target cell is the optical pumpini efficiency. Furthermore, exposure 
mixed on a time scale much shorter than the time for de- of the laser to  dust caused a degradation of the ~erfor-  - 
polarization. During the experiment, the average beam mance and stability over time. These factors contributed 
current was 11 pA, and so the polarization in the beam to the lower average polarization achieved during the ex- 
path is estimated to  have differed only by A P  - 0.03P periment, compared with the typical value of 30% ob- 
from the average polarization. tained prior to  the beginning of the experiment. With 

Tests to  assess the depolarizing effects of an electron the knowledge gained during this experiment, more con- 
beam were performed using a beam of 250 MeV unpolar- sistent operation of the polarized target is possible dur- 
ized electrons. Measurements to  determine the ratio of ing future runs. The use of the higher-power LMA lasers, 
the polarizations in the target and pumping cells, Pt/Pp, which are more stable than the YAP laser, have already 
and the spin relaxation time constant in the target cell, improved the target performance. Subsequent to the ex- 
T ~ ,  were made at beam currents of 5.6, 11, 22, 33, and periment reported here, 50% polarization at T = 12 K 
44 pA. Figure 8 shows the measured ratio as a function has been achieved with this target without any changes 

no beam i FIG. 8. Measured equilibrium ratio of the 
polarization in the target cell to the polariza- 
tion in the pumping cell as a function of the 
relaxation time in the target cell. The curves 
are calculations using the cell geometry of the 
target system, assuming exchange times of 
tex = 7.5 f 0.5 sec. The beam currents at 
which the data were taken are indicated on 
the plot. 
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TABLE 11. Target cell relaxation time constant ~t and 
equilibrium polarization ratio vs beam current. Pt/Pp is the 
ratio of the polarization in the target cell to the polarization in 
the pumping cell after equilibrium has been reached during 
optical pumping. The contribution to the relaxation time 
from beam effects, nea,, is indicated. 

I P ~ / P P  ~t %earn 

to the system except the use of the LMA laser as the 
optical pumping light source [27] .  

V. DATA ANALYSIS 

The data analysis for this experiment involved the ex- 
traction of the observed asymmetry in the cross section 
when the helicity of the incident electrons was reversed. 
The spin-dependent yield was calculated from events of 
each beam helicity, correcting for differences in charge, 
and accounting for yield from background sources such 
as scattering from the target walls, pion production, and 
events in the elastic radiative tail. The data were col- 
lected in runs lasting approximately 1 h each, and the 
asymmetries calculated for each run are normalized to  
100% polarization using the average target and beam po- 
larizations during the run. The beam polarization did not 
vary significantly on the time scale of individual runs, and 
the average beam polarization measured in four M@ller 
runs spaced throughout the experiment is used as the 
normalization. Details of the M@ller polarimeter and the 
beam polarization measurements are found in Ref. [12]. 

The extraction of the quasielastic asymmetry from the 
experimental spin-dependent cross sections involved a 
number of corrections. In general, the corrections can be 
split into two categories, those that arise from a dilution 
of the cross section from some background source and 
those that involve a spin-dependent asymmetry directly. 
Examples of the former type are the corrections for the 
empty target background, pion production, and the yield 
in the elastic radiative tail under the quasielastic peak. 
The correction for these effects is a rinormalizatibn of 
the asymmetry, 

Ctotal 
Acorrected = Aexpt . 

Qtotal - Qbkgrd 

The other type of correction involves the subtraction of 
an asymmetry from the experimental value, 

Acorrected = Aexpt - AA. (16) 

An example of this type of correction is the subtraction of 
the helicity-dependent asymmetry in the elastic radiative 
tail under the quasielastic peak. 

The full expression used in this analysis to  extract the 
3He quasielastic asymmetry from the experimental asym- 
metry is 

1 
AQE = Aexpt 

1 - dempty - de~tail - d?r 

where the dilution ratios d are defined as dbkgrd = 

Qbkgrd/dtotal. Aeltail is the asymmetry from elastic back- 
ground events under the part of the quasielastic peak 
used for the analysis, and AArad is the quasielastic ra- 
diative correction to  the asymmetry. In principle, there 
also may be an asymmetry in the pion background. How- 
ever, since no experimental data exist for this, the pion 
asymmetry is assumed to be zero and a systematic un- 
certainty o f f  10% in AA/A is included to reflect our lack 
of knowledge about its value. 

In general, the corrections to the asymmetry are energy 
dependent. The corrections to  the OHIPS data reported 
here are integrated over the spectrometer acceptance, as 
is the calculated asymmetry, because the statistics on 
the measurement are not sufficient to  provide informa- 
tion about the energy dependence. The corrections to 
the asymmetry measured with BIGBITE were applied 
as a function of the energy transfer w in the energy range 
accepted by the spectrometer, and the measured asym- 
metry as a function of w is reported. The quasielastic 
analysis of the BIGBITE data was restricted to  the en- 
ergy region 58 < w < 161 MeV to cut out the events in 
the tail of the peak where the asymmetry is dominated by 
the high-momentum components of the 3He wave func- 
tion. The asymmetry integrated over this kinematic re- 
gion is also reported. 

Table 111 contains the dilution ratios for the empty tar- 
get background, the elastic radiative tail, and the pion 
background for both spectrometers. For the empty tar- 
get runs, the 3He gas was pumped out of the system, 
and so the geometry was exactly the same as with the 
target full. Figure 9 shows the empty and full target 
vields as a function of w for the OHIPS and BIGBITE 
raw data. The yields are normalized to  account for ac- 
cumulated charge and detection efficiency differences be- 
tween the empty and full target runs. The OHIPS yield 
includes only the central part of the quasielastic peak, 
while the BIGBITE spectrometer covers both the elas- 

TABLE 111. Fraction of the total yield in the quasielastic 
region attributable to different background sources. These 
numbers are used to correct the experimental asymmetry for 
the dilution of the quasielastic yield from other scattering 
processes. 

Background source OHIPS BIGBITE 
E m ~ t v  target 0.096 i. 0.016 0.15 i 0.04 

* "  - 
Elastic radiative tail 0.011 f 0.001 0.039 i 0.004 

Pion 0.01 1 f 0.01 1 0.022 i 0.022 
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FIG. 9. Yield with the target cell empty vs with the target 
cell filled with 1.2 x 1 0 ~ * / c m ~  3 ~ e  atoms. The upper plot is 
the yield in the BIGBITE spectrometer, and the lower is the 
yield in the OHIPS spectrometer. 

tic peak and a large part of the quasielastic peak. The 
events in the small peak centered around w = 30 MeV 
are the elastic events, smeared by the spectrometer reso- 
lution; as this spectrum shows, the momentum smearing 
in the BIGBITE spectrometer is quite substantial for an 
extended target. Because of the resolution, the elastic 
data cannot be separated from the low-w events in the 
quasielastic peak. The elastic radiative tail was calcu- 
lated for the kinematics of the two measurements using 
the procedure of Mo and Tsai [28]. The calculated yield 
for BIGBITE was smeared by the momentum resolution 
of the spectrometer to  obtain a more realistic estimate 
of the elastic radiative tail contribution under the B art 
of the quasielastic peak used to extract the asymmetry. 
The elastic yield is estimated to  be 1.1% of the total yield 
in the OHIPS spectrometer and 3.9% of the yield in the 
portion of the BIGBITE spectra used for the data anal- 
ysis. A fractional uncertainty of 10% is assigned to the 
estimated elastic yield. The contribution to the cross sec- 
tion from pion electroproduction was calculated taking 
into account the effect of Fermi motion by including the 
nucleon momentum in the scattering process and trans- 
forming from the nucleon rest frame to the laboratory 
frame to calculate the cross section. The results indicate 
that the pions contribute 1.1% of the total yield in the 
OHIPS spectrometer and 2.2% of the total yield in the 
energy region used for the quasielastic asymmetry anal- 
ysis of the BIGBITE data. As was done for the elastic 
radiative tail, the pion yield for BIGBITE was smeared 
over the momentum acceptance of the spectrometer be- 
fore integration. The fractional uncertainty assigned to 
the calculated pion yield is 100%. 

For 3He, the asymmetry in the elastic peak may be 
comparable to, or even exceed, the asymmetry in the 
quasielastic peak. Therefore, it is important to correct 

for the asymmetry in the elastic radiative tail under the 
part of the spectrum used t o  calculate the quasielastic 
asymmetry. For this correction, the elastic asymmetry 
was calculated from fits to  the experimentally determined 
charge and magnetic form factors of 3He [29], using the 
formalism of Donnelly and Raskin for inclusive scattering 
asymmetries [4]. If there is a spin-dependent asymmetry 
at the elastic peak, then there is also an asymmetry in 
the radiative tail, although the value may be different 
from the peak value because of the spread in energies of 
the incident and scattered particles contributing to  the 
tail. To calculate the asymmetry of the elastic radiative 
tail, the spin-dependent elastic radiative cross section as 
a function of w was calculated separately for left and 
right helicity electrons, following the procedure of Mo 
and Tsai. The elastic asymmetry used for the correction 
is the difference in the calculated spin-dependent cross 
sections, divided by the unpolarized cross section. At the 
kinematics of the OHIPS measurement, the contribution 
to the experimental asymmetry is negligible. The contri- 
bution to  the BIGBITE experimental asymmetry, how- 
ever, is substantial; the asymmetry ranged from 13.5% 
to 17.5% in the energy range used for the quasielastic 
analysis. A 10% fractional uncertainty is assigned to the 
calculated asymmetry in the elastic radiative tail. 

In addition to the corrections discussed above, the 
quasielastic cross section extracted from the experimen- 
tal data should be corrected for quasielastic radiative ef- 
fects. Calculations of the helicity-dependent cross sec- 
tion for quasielastic scattering, from which the theo- 
retical quasielastic asymmetry is obtained, assume sin- 
gle photon exchange in the scattering process. How- 
ever, the measured cross section, and hence the asym- 
metry, includes effects from higher-order processes such 
as bremsstrahlung and energy straggling. Let grad denote 
the quasielastic cross section including radiative effects, 
and a denote the cross section one obtains assuming sin- 
gle photon exchange. In the limit where A << 1 and the 
radiative correction is small, the quasielastic asymmetry 
can be written as 

where the asymmetry correction is 

For this analysis the correction factor was calculated us- 
ing the procedure of Mo and Tsai for inelastic scatter- 
ing and the model of the 3He quasielastic asymmetry of 
Friar et al. [5]. The use of a more sophisticated calcu- 
lation that includes the w dependence of the asymme- 
try does not change the results reported here because of 
the small size of the correction. For the OHIPS data, 
the correction is AArad M 0.001 and is the same for the 
two different target spin orientations. This is expected 
since the asymmetry is insensitive to  small changes in 
Q2 at kinematics where it is dominated by G%. The 
correction to  the BIGBITE data depends strongly upon 
the target spin direction because the asymmetry is more 
strongly dependent upon Q2 at kinematics sensitive to  
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Gg. The correction was applied separately to the data 
for each spin direction and is small (N 0.0005) in all cases. 
For the BIGBITE correction, AArad was smeared by the 
spectrometer resolution. 

Helicity-correlated variations in beam, target, or detec- 
tor properties give rise to  false asymmetries. The data 
from each run were analyzed for variations of detector ef- 
ficiencies for electrons detected during beam pulses of dif- 
ferent helicities; the false asymmetry from this source is 
consistent with zero within the statistical uncertainty of 
the efficiency measurement. In addition, the false asym- 
metries from helicity-correlated variations in the electron 
beam energy and position were estimated. 

Because of the energy dependence of the cross section, 
shifts in the beam energy correlated with the electron 
helicity appear as false asymmetries in the data. If beam 
pulses of different helicity carry slightly different amounts 
of charge, then this type of false asymmetry can arise 
from beam loading, the phenomenon where the beam en- 
ergy varies with the intensity of the beam pulse. For this 
experiment, the contribution from beam loading is negli- 
gible; the estimated false asymmetry is approximately 
three orders of magnitude smaller than the measured 
asymmetry. 

A helicity-correlated beam position shift can give rise 
to  a false asymmetry if there is a position dependence to  
the background rates from the empty target. The beam 
position was measured for each beam pulse using an rf 
cavity beam position monitor, and the helicity-correlated 
beam position shift was calculated for each run using 
the information. Although no evidence of a helicity- 
correlated beam position shift in the x direction (hori- 
zontal) was seen, a statistically significant shift of 4 pm 
in the y direction (vertical) was observed. The shift could 
have been caused by the x-y coupling in the accelerator 
magnetic optics or by variations in the polarized elec- 
tron source [Ill .  The systematic error in the quasielas- 
tic asymmetry from a false asymmetry arising from the 
helicity-correlated beam shift was calculated from runs 
taken with the beam at different positions in the empty 
target cell and found to contribute an uncertainty of 0.01 
to AAIA. 

VI. RESULTS 

The OHIPS asymmetry was calculated from the events 
within the energy acceptance of the spectrometer, 90 5 

w 5 138 MeV. Table IV shows the results for the data 
taken with different target spin orientations and for the 
sum of all the data. The delivered beam charge and aver- 
age target polarization for each data set are also indicated 
in the table. The results for the individual data sets are 
consistent, and the asymmetry changes sign when the 
direction of the nuclear spin is reversed. 

Table V shows the individual contributions to  the sys- 
tematic uncertainty for the OHIPS measurement from 
the various error sources. The dominant sources of un- 
certainty are the target and beam polarizations and the 
asymmetry in the pion background. The systematic pre- 
cision _could be improved in future measurements by us- 
ing a Cerenkov detector to  distinguish electrons from pi- 
ons. The M~l le r  polarimeter used in this experiment was 
newly installed in the beam line and thorough testing of 
the apparatus was not completed before this experiment 
ran. The beam polarimetry can be improved through 
more detailed studies of the systematic errors in the de- 
vice. The systematic uncertainties associated with the 
target come from the empty target background and the 
precision of the polarization measurement. The back- 
ground from the target cell walls is small enough that this 
is not a significant source of systematic error. The target 
polarimetry can be improved to the level of N 5% sys- 
tematic precision using the new information from NMR 
calibrations of the optical polarization and more sophis- 
ticated techniques in optical polarimetry [23]. 

In Table IV, calculations of the quasielastic asymmetry 
are shown for comparison with the OHIPS experimental 
result. The measured asymmetry is consistent with the 
theoretical models of Blankleider and Woloshyn [I], Ciofi 
degli Atti et al. [7], and Riar  et a1 [5]. The Blankleider- 
Woloshyn calculation uses the dipole form for the proton 
form factors and the neutron magnetic form factor, and 
the Galster parametrization of the neutron electric form 
factor [30], Gg(Q2) = - ~ G $ / ( l f  5.67). The calculation 
of Ciofi degli Atti, Pace, and Salmi: shown in Table IV 
uses the Gari-Kriimpelmann form factors [31]. Figure 10 
shows the w dependence of the quasielastic asymmetry 
at the kinematics of the OHIPS measurement, calculated 
with the model of Blankleider and Woloshyn. The con- 
tributions from the protons and neutrons are indicated 
on the plot. The asymmetry is reasonably flat, and the 
neutron contribution dominates in the region within the 
spectrometer acceptance. Analysis using the model of 

TABLE IV. Results of the OHIPS asymmetry measurement for each of the target spin orienta- 
tions and for the combined data set. The asymmetry error specified for the individual data sets is 
statistical only, while the two errors on the final result are statistical and systematic, respectively. 
The amount of charge in each set and the average target polarization for the 3He runs are also 
indicated. The predictions of the models of Blankleider and Woloshyn (ABw),  Ciofi degli Atti et al. 
(Ac) ,  and Friar et al. (AF) are shown for comparison with the measured asymmetries. 

,o Om d* charge < PC > AQE A c  ABW AF 
(PAN (%I (%I (%I (%I (%I 

-51.5" 0.9" 0" 239 26.6 -3.8 f 3.0 -4.7 -4.4 
-44.5" 7.9" 0" 333 22.0 -2.5 f 2.9 -4.5 -4.1 
135.5" 172.1" 180" 808 21.5 +4.4 31 2.8 +4.5 +4.1 

Combined 1381 22.5 - 3 . 7 9 i 1 . 3 7 i . 0 . 6 7  -4.1 -4.5 -4.2 
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Friar e t  al, indicates that the fractional uncertainty in 
the theoretical asymmetry, y, from nuclear structure 
effects is 4%. 

The statistics of the BIGBITE measurement are suf- 
ficient for the measured asymmetry to be binned as a 
function of w for comparison with theoretical predictions 
of the energy dependence. Figure 11 shows the measured 
asymmetry for 58 5 w 5 161 MeV . The error bars on 
the data include only the statistical uncertainty. The val- 
ues of the quasielastic asymmetry as a function of w are 
tabulated in Table VI. The asymmetry results, integrated 
over the energy region 58 5 w 5 161 MeV, are given in 
Table VII, along with calculations following Blankleider 
and Woloshyn, those of Ciofi degli Atti et al., and the 
model of Friar e t  al. The experimental data agree well 
with the calculations. The individual contributions to  
the systematic uncertainty are shown in Table VIII. 

Although the BIGBITE measurement depends primar- 
ily upon the interference response function RTLl, because 
the target spin was not oriented at 90' to  the q direc- 
tion, there is a contribution to  the cross section from RTj. 
Furthermore, since the neutron electric form factor is rel- 
atively small for Q2 = 0.16 (GeV/c)' compared with 
the proton electric form factor, the contribution from the 

TABLE V. Contributions to the systematic uncertainty in 
the OHIPS quasielastic asymmetry from the individual error 
sources. 

Systematic uncertainty A A  - 
A 

Beam polarization 0.105 
Target polarization 

Empty target subtraction 
Elastic radiative corrections 

Quasielastic radiative corrections 
Pion cross section 

Pion asymmetry 
Helicity-correlated efficiency variations 

Helicity-correlated beam shifts 
total 

FIG. 10. Theoretical quasielastic asym- 
metry (solid line) as a function of energy 
transfer for the OHIPS kinematics, averaged 
over the s ~ i n  orientations used for the OHIPS 
measurement, calculated using the formalism 
of Blankleider and Woloshyn. The contribu- 
tions from the protons (dots) and the neu- 
tron (dashes) are shown. The energy range 
90 5 w 5 138 MeV is used to calculate the 
quasielastic asymmetry from the experimen- 
tal data. 

proton to the interference term is significant. Figure 11 
shows the energy dependence of the measured quasielas- 
tic asymmetry compared with the Blankleider-Woloshyn 
calculation. The contributions of the protons and neu- 
tron are indicated on the plot. The calculation indicates 
that the asymmetry is reasonably flat in the region used 
for the extraction of the quasielastic asymmetry, and that 
even though the neutron contribution dominates, the 
protons contribute significantly to  the asymmetry. The 
kstimated uncertainty from nuclear structure effects in 
the calculated 3He quasielastic asymmetry is 9 = 13%. 

Since the momentum acceptance of BIGBITE is 
A p l p  N f 25%, quasielastic and elastic events were col- 
lected simultaneously. However, because of the poor mo- 
mentum resolution for an extended target, it is impossi- 
ble to separate the events in the elastic peak, centered 
at w 30 MeV, from events near the inelastic two- and 
three-bodv thresholds at 5.5 and 7.7 MeV above the elas- 
tic peak, respectively. The asymmetry measured in the 
region 11 2 w 2 37 MeV is +25 & 5 % (statistical errors 
only). Systematic errors are estimated to  be *8%. The 
measured value is consistent with the theoretical elastic 
asymmetry of 18%, but for this measurement the statis- 
tics and the spectrometer resolution were not sufficient 
for the elastic asymmetry to  be useful as a polarization 
monitor. 

Another experiment that measured the quasielastic 

TABLE VI. Measured quasielastic asymmetry as a func- 
tion of w for E = 574 MeV and 0 = 44.0". The error bars 
reflect the statistical uncertainty only. The systematic uncer- 
tainty 9 = 0.21 is nearly independent of the energy transfer 
in this energy range. 
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FIG. 11. Theoretical quasielastic asym- 
metry (solid line) as a function of energy 
transfer for the BIGBITE kinematics, aver- 
aged over the s ~ i n  orientations used for the .., 
measurements, calculated using the formal- 
ism of Blankleider and Woloshyn. The calcu- 
lated contributions from the protons (dots) 
and the neutron (dashes) are shown. The 
measured quasielastic asymmetry in the en- 
ergy range 58 5 w < 161 MeV is also plotted. 
The error bars reflect the statistical uncer- 
tainty only. 

3He asymmetry 1321, also performed using the MIT-Bates 
accelerator, obtained results consistent with ours. The 
experiment was similar to the one described here with 
the exception that a different polarized 3He target was 
employed. The target used spin exchange between 3He 
and optically pumped Rb vapor as the polarization tech- 
nique [33]. The asymmetries proportional to RTL, and 
RTf were measured at Q2 = 0.20 ( G ~ V / C ) ~ .  Figure 12 
shows the results from both experiments and the predic- 
tions of Blankleider and Woloshyn and of Ciofi degli Atti 
et al. The differences in the theoretical predictions of AT, 
for the measurements of the two experiments, which were 
both made at Q2 = 0.20 ( G ~ V / C ) ~ ,  arise because the 3He 
spin directions were slightly different in the two experi- 
ments. There is good agreement of both AT, and ATL, 
with the predictions of the plane wave impulse approxi- 
mation within the precision of the experimental data. 

VII. CONCLUSIONS 

The experiment reported in this paper used a new type 
of polarized target for electron scattering experiments, 
which employs laser optical pumping in a small magnetic 
holding field to orient the nuclei. The information on the 
target presented here shows that laser-driven metasta- 
bility exchange polarized 3He targets can operate in the 
high-beam-current environments encountered at electron 
accelerators. Since studies of polarized 3He have been 
suggested as a way to obtain information about the elec- 

tromagnetic properties of the neutron, quasielastic asym- 
metry measurements, such as this one, are important in 
assessing how well the 3He nuclear structure effects are 
understood. The results of this experiment show that 
the metastability exchange polarized 3He target has rel- 
atively little background from impurities or from scat- 
tering from the target walls, making it a clean tool for 
quasielastic studies. 

The experimental data support the assertion that po- 
larized 3He can be used to study the neutron. Although 
the results agree with predictions using the plane wave 
impulse approximation and realistic 3He wave functions, 
clearly experimental data of better precision are needed. 
To this end, both statistical and systematic precision 
must be improved. Theoretical calculations including fi- 
nal state interactions and meson exchange currents in 
spin-dependent scattering also are needed to study the 
reaction mechanism. Exclusive scattering experiments 
can provide information about the small components of 
the 3He wave function needed for the extraction of nu- 
cleon and quark properties from polarized 3He data. 
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TABLE VII. Results of the BIGBITE quasielastic asymmetry measurement for each of the 
target spin orientations and for the combined data set. The data are integrated over the energy 
range 58 < w < 161 MeV. The notation is the same as in Table IV. 

P 6" 4' charge Pt AQE Ac Asw AF 
( c L A ~ )  (%) (%) (%) (%) 

-51.5' 108,4' 0' 228 26.6 f3.2 f 2.7 +2.3 +2.5 
-44.5' 101.4' 0' 336 22.0 +2.9 zk 2.7 +1.9 +2.1 
135.5' 78.6' 180' 808 21.5 -1.9 & 1.7 -1.9 -2.1 

Combined 1372 22.5 +2.41 rt 1.29 f 0.51 +2.7 +2.0 12.2 
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TABLE VIII. Contributions to the systematic uncertainty 
in the BIGBITE quasielastic asymmetry from the individual 
error sources. 

Svstematic uncertaintv - *! 
Beam polarization 

Target polarization 
Empty target subtraction 

Elastic radiative corrections 
Quasielastic radiative corrections 

Pion cross section 
Pion asymmetry 

Helicity-correlated efficiency variations 
Helicity-correlated beam shifts 0.010 

total 0.212 

and by the U.S. Department of Energy Contract No. DE- 
AC02-76ER03069 (MIT). 

APPENDIX: RELAXATION AND PUMPING 
RATE EQUATIONS FOR A DOUBLE-CELL 

POLARIZED TARGET SYSTEM 

To extract the asymmetry from the measured cross 
section, it is necessary to  know the nuclear polarization 
of the 3He in the target cell. In a double-cell system 
with the cells in diffusive contact so that the atoms pass 
back and forth between the two volumes, the target cell 

1 & - - - - - -  

7 MIT-Bates (this n o r k )  

0 MIT-Bates (Ref 32) 

FIG. 12. Comparison of the world's data on the 3$(e', ee') 
quasielastic asymmetry with calculations using the formalism 

polarization can be determined indirectly from the po- 
larization of the atoms in the pumping cell, which can be 
monitored continuously with an optical polarimeter that 
measures the circular polarization of the 31D2 -+ 3'P1 
emission line from 3'02 excited state atoms created by 
the discharge. One can infer the polarization of the tar- 
get cell atoms from the measured polarization of the 
pumping cell population and some additional informa- 
tion about the coupling of the two cells, such as the 
fraction of 3He in each cell. the ~olarization relaxation 
time of the system, and thk characteristic time for the 
exchange of atoms between the cells. The volumes and 

.2 

temperatures of the two cells and the pressure provide 
the information about the fraction of atoms in each cell. 
and measurements of the polarization relaxation are used 
to determine the time constants of the svstem. In this 
appendix, the relationships needed to extract the time 
constants and the target polarization from measurements 
of the polarization in the pumping cell during spin relax- 
ation are presented. Data taken with the polarized 3He 
target and used to determine the target polarization are 
shown. In addition, the equations governing the polariza- 
tions achievable in the system during optical pumping are 
presented. These relationships are useful in the design of 
a polarized target system because they yield predictions 
of the achievable polarization in the target cell for given 
optical pumping rates and relaxation times. 

Equations describing the time evolution of the polar- 
izations in both cells of a coupled two-cell system can be 
obtained from the solutions to  the rate equations for the 
~olarization in the cells. In the discussion that follows 
a design such as the one used for the Caltech polarized 
3He target is assumed: The atoms are optically pumped 
in one cell, referred to  as the pumping cell, and are in 
diffusive contact with a second cell, referred to  as the 
target cell. The equations assume that the transfer tube 
has negligible volume and that there is no time lag be- 
tween when the atoms leave one cell and enter the other. 
Since the polarization evolves on the time scale of sec- 
onds, which is much longer than the time spent in the 
transfer tube, the delay in transferring between the cells 
can be ignored. 

1. Solution to spin relaxation rate equations 

The spin relaxation rate equations for the polarization 
in each cell of a double-cell system are 

and 

of Blankleider and Woloshyn (dashed line) and with predic- 
tions of ciofi degli ~~~i et al. (solid line). A ~ ,  is sensi- where the first term on the right-hand side accounts for 
tive to R ~ ,  , and is to R ~ ~ ,  , ~h~ the spin relaxation in the cell and the second accounts for 
ments of Ref. [32] are made at Q~ = 0.20 ( G ~ v / ~ ) ~ ,  and the the exchange of polarization between the two cells. The 
data of this work are at Q2 = 0.20 (GeV/c)' (ATt) and at quantities entering the equations are the pumping and 
Q~ = 0.16 ( G ~ V / C ) ~  (ATL,). The errors bars on the experi- target cell polarizations Pp(t) and Pt (t),  the relaxation 
mental data include only the statistical uncertainty. time in the pumping and target cells, 7, and 7t, and the 
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exchange time for the pumping and target cell popula- 
tions, t ,  and t t .  First, consider the exchange terms in 
Eqs. (Al) and (A2). Atoms diffuse out of the pumping 
cell carrying polarization away from the cell at a rate 1 

t p  

and out of the target cell carrying polarization away at 
a rate t. However, the polarization is defined in terms 
of the number of atoms in the cell from which the atoms 
diffuse, 

and must be corrected by the number of atoms in the 
cell which they enter in order to reflect correctly the 
amount of polarization contributed. For a closed sys- 

tem detailed balance requires that the number of atoms 
leaving one cell equal the number of atoms entering the 
other to maintain a constant pressure, i.e., 

In addition, the exchange rate that one measures is the 
sum of the rates from the two cells, 

Using Eqs. (A4) and (A5), the relaxation rate equations 
can be rewritten in matrix form as 

The solutions for the polarizations during relaxation display double-exponential decay. The time evolution of the 
polarizations of the pumping and target populations, written as a sum of two exponentials with two new time 
constants r, and 71, is 

where 

and 

From these relations, the polarizations in the two cells 
as a function of time during relaxation can be calculated 
exactly, assuming that the initial polarizations and time 
constants are known. 

In practice, one may not initially know the time con- 

stants of the system, r,, ~ t ,  and t,,. In this case, the 
pumping cell polarization can be measured as a func- 
tion of time during the polarization relaxation process, 
and information about the time constants and the tar- 
get polarization can be inferred from a fit of a sum of 
two exponentials to the data. The four-parameter fit has 
two time constants and two amplitudes multiplying the 
exponentials, 

From the time constants of the fit, rl and T,, infor- 
mation can be extracted about the time constants of the 
system, r,, rt, and tex. The relationships between the fit 
time constants and the time constants of the system are 

and 

From these relationships, the exact expression can easily be obtained. In the case where the exchange 
time is much shorter than the relaxation time in either 

1 1 1 1 1  - + - = -  + - + -  (-413) cell, the short-time constant T, approximates the ex- 
78 TL tex Tt change time. Under these conditions, an approximate 
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expression for the long-time constant 71 can be derived 
that depends only upon the relaxation times and the frac- 
tion of atoms in each cell: 

This expression indicates that, in the limit of fast transfer 
between the cells, the rate of decay of the combined sys- 
tem is the average of the decay rates in each cell weighted 
by the number of atoms in the cell. 

An important quantity to  measure is the ratio of po- 
larizations in the two cells just after the pumping light 
is shuttered for a relaxation measurement, P, (0) /P,(O). 
If the relaxation measurement is started after equilib- 
rium has been reached, then this ratio is the equilibrium 
polarization ratio attained in the system during optical 
pumping. Once this ratio is known, during optical pump- 
ing the target cell polarization can be inferred from mea- 
surements of the polarization in the pumping cell, which 
can be continuously monitored. The polarization in the 
pumping cell, P,(O), is measured directly, and the ini- 
tial polarization in the target cell, Pt(O), can be obtained 
from the amplitudes of the double exponential fit to  the 
relaxation data using Eq. (A7). 

Three types of measurements were made to determine 
the relaxation times of the polarized 3He system: the 
relaxation time in the absence of the discharge that pro- 
duces the metastable 3He that are optically pumped and 
the relaxation time in the presence of the discharge both 
with and without depolarizing the nuclei in the pumping 
cell before beginning the measurement. The information 
from the three types of measurements provides redun- 
dancy in the extracted time constants and polarizations. 
Figure 13 shows an example of the measurement of the 
pumping cell polarization with the discharge on, along 
with the double-exponential fit to  the decay. This mea- 
surement is made by shuttering the laser light and me* 
suring the polarization in the pumping cell as a function 
of time. The measurement shown in Fig. 14 is similar 
to the one above, but in this case the polarization in 

the pumping cell is destroyed a t  the same time as the 
laser is shuttered. The polarization is destroyed by ap- 
plying a small transverse field at the Larmor frequency to 
coils surrounding the pumping cell for a short time. This 
type of measurement gives a dramatic display of the po- 
larization in the target cell as the polarized atoms from 
the target cell transfer into the pumping cell, building up 
the polarization. It also shows the rapid transfer between 
the two cells. Both measurements were made with 20 pA 
beam current on the target and show that polarizations 
of 30% can be maintained in the presence of beam. 

2. Solution to optical pumping rate equations 

For a single cell, the rate equation describing the po- 
larization evolution during optical pumping is 

where the first term reflects the pumping and the second 
term the relaxation. Po is the polarization achievable 
in the limit of no spin relaxation. The solution to  this 
equation is 

The achievable polarization in a single cell after pumping 
infinitely long, 

decreases with increasing relaxation time for a given 
pumping time constant T. The rate equation for a single 
cell can be rewritten in terms of P, as 

0 34 

0 32 

030 

0 29 

0 26 

0 25 50 75 1 OC 125 

time ( s e c )  

FIG. 13. Measurement of the pumping 
cell polarization relaxation. At time t = 0 
the optical pumping light is shuttered, and 
the pumping cell polarization is measured 
as it decays. The smooth curve is a four- 
parameter fit to a sum of two exponentials. 
The data were taken with 20 pA of minimum 
ionizing beam current on target. 
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FIG. 14. Measurement of the pumping 
cell polarization during relaxation, with the 
polarization in the cell zeroed at time t = 
10 sec. The repolarization is from polarized 
atoms transferring into the pumping cell from 
the target cell. The data were taken with 
20 pA of minimum ionizing beam current on 
target. 

time ( c e c )  

P = - + - [P, - P(t)] .  (f f.) light from a YAP laser, the pumping time constant was 
(* I8 )  20 - 30 sec. 

\ -  Y ,  

For a coupled two-cell system where only one cell is 
optically pumped, the coupled rate equations for optical 

For the polarized 3He target system optically pumped by pumping are 

where P, is the polarization achievable in a single cell of the same size as the pumping cell with pumping time constant 
T and relaxation time rP. 

The pumping and target cell polarizations can be written in terms of two new time constants rl and 7, as 

where 
I+-l-+.L-L 
T Tp tex 71 a+ = 1+1-1 

rt tex 71 

and 

* 
The exact relationship between the fit time constants of the pumping cell polarization data and the time constants 
of the system is 

The relationships between the fit time constants and the time constants of the system are 

and 
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t ime [ s e c )  

FIG. 15. Equilibrium ratio of target cell 
polarization to pumping cell polarization dur- 
ing optical pumping as a function of the re- 
laxation time in the target cell, for different 
exchange times between the two cells. For 
the calculation rP = 200 sec, T = 25 sec, and 
% = 0.89. The curves are for exchange times 
of 3, 6, 9, 12, and 15 sec. The ratio increases 
as the exchange time decreases. 

FIG. 16. Ratio of polarizations in the two 
cells, plotted as a function of time during op- 
tical pumping to show the approach to equi- 
librium of the polarizations. For the calcula- 
tion rt = 700 sec, rp = 200 sec, rex = 7.5 sec, 
T = 25 sec, and % = 0.89. In this case, the 
system has reached equilibrium after approx- 
imately 800 sec. 

FIG. 17. Ratio of the equilibrium pump- 
ing cell polarization to the polarization at- 
tainable with a single cell of the same size as 
a function of the target cell relaxation time, 
for exchange times of 5, 15, and 25 sec. The 
ratio is smaller for shorter exchange times. 
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The expressions above give the general solution for the 
time evolution of the polarizations during optical pump- 
ing. For a closed system it is possible to  use the pumping 
cell polarization as a monitor of the polarization in the 
target cell, the relevant volume for a scattering experi- 
ment. In this case, we are most interested in determining 
the equilibrium polarization ratio between the two cells, 
reached after the system has been optically pumped for 
awhile. The solution to  this is much simpler than the full 
solution since it requires only that Eq. (A19) be zero. The 
equilibrium ratio of the target to pumping cell polariza- 
tions is 

This expression shows that the equilibrium ratio depends 
only upon the exchange time, the relaxation time in the 
target cell, and the fraction of atoms in each cell. Since 
these are quantities that generally are fixed for a given 
geometry, pressure, temperature, and beam current, this 
expression shows explicitly that the pumping cell polar- 
ization can be used as a monitor of the polarization in the 
target cell. Figure 15 shows the equilibrium ratio of po- 
larizations in the two cells as a function to  rt for different 
values of the exchange time. The target cell polarization 
approaches that in the pumping cell as the target cell re- 
laxation time gets longer and as the exchange time gets 
shorter. 

It is necessary t o  understand the evolution of the polar- 
ization in the two cells to determine how long the system 
takes to reach equilibrium so that one is sure that the 
polarizations have equilibrated before using the equilib- 
rium ratio t o  infer the target cell polarization from the 
measured polarization in the pumping cell. Figure 16 is 
a plot of Pt(t)/Pp(t),  showing how quickly the system 
approaches equilibrium for values of the time constants 

FIG. 18. Ratio of the equilibrium pump- 
ing cell polarization to the polarization at- 
tainable with a single cell of the same size, as 
a function of the target cell relaxation time, 
for pumping times of 5, 15, 25,35, and 45 sec. 
The ratio is larger for shorter pumping times. 

similar to those for the "He target used in this exper- 
iment. In this target system equilibrium was reached 
after about 800 sec. 

The ratio of the pumping cell equilibrium polarization 
to that obtainable with a single cell, Pp/Ps, is 

If we define the effective pumping time (a more easily 
measured quantity) by & r + +, then the equa- 
tion for the achievable pumping cell polarization in the 
double-cell system can be rewritten as 

Figure 17 shows the ratio of the equilibrium pump- 
ing cell polarization to the polarization in a single cell of 
the same size, as a function of the target cell relaxation 
time for different values of the exchange time. Figure 18 
shows the dependence upon the pumping time constant. 
This information can be used to predict the achievable 
polarization for a two-cell polarized 3He target given the 
expected optical pumping time and relaxation rates. For 
example, for relaxation times typical of the polarized 3He 
target, r t  = 500-1500 sec, the polarization in the pump- 
ing cell of a double-cell target system was N 75%-90% 
of that attained with a single cell under identical ex- 
perimental conditions. Since the target cell polarization 
was somewhat less than the pumping cell polarization 
(Pt /Pp -0.95-0.90), the target polarization for the po- 
larized 3He target used in the experiment was 65%-85% 
of that achievable with a single cell. 
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