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We have developed a polarized *He target for polarized electron scattering measurements. The target
has a *He density of 1.1X 10%° nucleicm ™3, a total length of 7.5 cm and thin glass windows of 120-180
pm thickness. *He polarization as large as 40% was produced, limited only by the available laser power.
The *He polarization was maintained during bombardment with up to 22 uA of 578 MeV electrons. A
measurement of elastic scattering of polarized electrons from polarized *He confirmed that the nuclei in
the electron beam had the expected polarization. The polarization is produced by spin exchange with
laser optically pumped Rb vapor, and the target design incorporates two separated volumes, one for op-
tical pumping and the other for the electron bombardment. Extensions of this design are practical for
fixed target electron scattering from polarized *He planned for SLAC and CEBAF.

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

I. INTRODUCTION

High density polarized *He targets using spin exchange
with laser optically pumped Rb vapor [1] have recently
been utilized as a neutron polarizer for epithermal neu-
trons at LAMPF (2] and as a target at
TRIUMF for several measurements with beams of up to
100 nA of polarized and unpolarized protons [3,4]. Stud-
ies of polarized muon capture on polarized *He are also
underway at LAMPF [5]. Because the high density tar-
get can provide target areal density of (5-100)X 10%°
*He/cm’ it is also appropriate for a number of measure-
ments that have been proposed for scattering of polarized
electrons from a fixed target of polarized *He with the
particular motivation of extracting the neutron’s elastic
form factors [6,7] and spin-dependent deep inelastic
structure functions [8,9]. These electron scattering ex-
periments require beam currents of 10-50 pA which
leads to several technical requirements not faced by the
targets described in references [1-5]. Understanding of
these requirements will follow from the discussion of the
principles of Rb optical pumping and *He polarization;
however, they are enumerated in this introduction. They
are the following: (i) The electron beam must penetrate
windows that survive the heat load and radiation field as
well as maintain a surface suitable for containing the po-
larized 3He; (ii) the effect of the ionization on Rb optical
pumping [10] must be eliminated; (iii) “glass blackening,”
i.e., the formation of color centers within the glass due to
the high radiation field of the electron beam, must be ac-
commodated; and (iv) the relaxation rate of *He polariza-
tion due to ionization along the electron beam must be
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glegligible relative to the replenishment rate of polarized
He.

These requirements have been successfully incorporat-
ed into a two chamber target (see Fig. 1) which separates
the volume in which the Rb optical pumping and *He po-
larization take place and the volume in which electron
bombardment occurs. The two volumes are maintained
at different temperatures so that the Rb vapor is confined
to the pumping cell. A transfer tube of length L and
cross-sectional area S connects the two cells. The
transfer tube dimensions are chosen so that the time con-
stant for transfer of *He polarization is much less than
any He polarization time constant (i.e., for production of
3He polarization and relaxation of the polarization). The
two chamber target has provided a 3He density of
1.1X10% nuclei cm ~3 within a total length of 7.5 cm and
a polarization of up to 40%. The polarization was main-
tained during bombardment by a 22 pA, 578 MeV elec-
tron beam.

II. PRINCIPLES OF Rb OPTICAL PUMPING
AND *He POLARIZATION

The development of the technique of spin exchange be-
tween *He and laser optically pumped Rb vapor has been
developed over the past five years and described in
several previous publications [1,11,12]. In these works,
we show that the polarization of *He produced by spin
exchange with laser optically pumped Rb builds up from
P 3( t =O) =0to

Py(1)=Pgy— (1 —¢ Tset D

vset+ T ) W

where Py, is the average electron spin polarization of the
Rb vapor, yg is the rate of spin exchange, and T is the
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FIG. 1. A schematic illustration of the two-cell target. The
upper cell is the pumping volume (V) and the lower cell is the
target volume (V). The Rb is confined to the upper cell by a

thermal gradient along the transfer tube.

total relaxation rate for the *He spin. We also note that
when Py, =0, the relaxation of SHe polarization, origi-
nally P4(0) is given by

—(ygg+T

P,(1)=P4(0)e (2)

The application of these equations to the two chamber
target is straightforward as long as the time constant for
polarization transfer from the pumping cell to the target
cell is much less than the time constants for >He polariza-
tion and relaxation. The validity of this assumption is
demonstrated by the measurement of transfer times de-
scribed in Sec. V. We find a polarization transfer time of
10 min compared with polarization and relaxation times
of several hours to tens of hours. The two chamber tar-
get can then be considered as a single total volume equal
to the sum of a pumping cell volume (V) and target cell
volume (¥,) with the Rb confined to the pumping cell
(see Fig. 1).

In the pumping cell, spin exchange mediated by the
effective hyperfine interaction occurs between the polar-
ized Rb valence electron and the *He nucleus. The
hyperfine interaction is relatively weak (wyp~=~ 100 MHz)
and the collision duration is short (=107 s) so that the
probability of spin exchange during a single collision is
small and many collisions are required. Expressed in
terms of a velocity-averaged rate constant [13,14]

ksg=(ogev)=1.2X10"" cm?®s7!, 3)
the polarization rate per *He is
n,V,
—no k p"p i
VSE™ MRbXSE n,V,+nv,

where nyg, is the Rb vapor density in the pumping cell
and n, and n, are the 3He number densities in the two
cells which are in general not equal due to the tempera-
ture difference of the pumping cell and target cell. Thus
nRp Tl . (5)
n,V,+nV,
is the average Rb number density encountered by each
*He atom throughout the two cells. In our target, ng,
varies from 4X 10" to 6X 10" atoms cm™3 and ygg
varies from 1/(12 h) to 1/(8 h).

He relaxation rates are discussed in detail in Sec. III.
Contributions are wall relaxation, magnetic-field effects
and ionization induced relaxation. In general, the *He re-
laxation rates will be different in the pumping cell and the
target cell since the contribution of ionization should
affect only the target cell and since contributions due to
the magnetic fields produced by the electron beam will
also be greatest in the target cell. We will therefore write
the average relaxation time for the two cell target in
terms of contributions in the individual cells:

n v,

n,V
p’p r, :
n,V,+tnV,

r=r
P n,V,+nV,

(6)

where ', and ', are actually averages of the relaxation
rates throughout each cell.

With the assumption that the transfer time is much less
than the other time constants, the equilibrium *He polar-
ization in the two chamber target can be expressed as fol-
lows:

—p ankSEnp Vp
*® npoksgn, V, +T,n,V,+TnV, ’

where Py, is the average Rb polarization in the pumping
cell.

In the Appendix, we derive equations fully describing
the dynamics of the two cell target. It is shown there
that Eq. (7) follows in the limit that the polarization-
transfer time constant is much less than all other time
constants. Rb optical pumping is discussed in the follow-
ing paragraphs and *He polarization relaxation is dis-
cussed in Sec. III.

A. RbD optical pumping

Natural Rb has two isotopes: *’Rb with nuclear spin 5
and abundance 72.17% and ®’Rb with nuclear spin 4 and
abundance, though radioactive, 27.83%. In practical sit-
uations of high *He and N, density, the width of the
551,2-5p1,2» (D1) resonance is determined by the rate of
collisions that destroy coherence between the ground
state and excited state. This collisional width is about 18
GHz per amagat (1 amagat = 2.7 X 10" molecules cm 3
is the number density of a gas at standard temperature
and pressure). The collisional width is much greater than
the hyperfine splittings and isotope shift [15]. Therefore
broadband laser light of 3—-30 GHz bandwidth can be
used to optically pump both hyperfine levels of natural
Rb [12]. Furthermore, the hyperfine interaction strongly
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couples the electron spin and nuclear spin so that the
electron polarization varies from (s,)=—1 to (s,)=1
as my changes from — f to f. In spite of these complica-
tions, the optical pumping process can be accurately il-
lustrated by consideration of Fig. 2, in which the nuclear
spin is neglected and only the valence electron spin is
considered.

When circularly polarized light is tuned to the D1 res-
onance wavelength of 794.7 nm only the 5s,,, ground
state with magnetic projection labeled m;= —1 absorbs
the light. Due to the high collision rate with buffer gas
atoms of *He and N,, the 5p, ,» states will be mixed and
every ground state will be equally repopulated. The pop-
ulation of the m = +1 state therefore increases as the
population from the other ground-state sublevel is
pumped into it. The Rb vapor becomes electron spin po-
larized and transparent to the o . photons.

Relaxation of the ground-state polarization or spin de-
struction is indicated by the rate I'sp. Spin destruction
occurs due to the couplings of the valence electron spins
at the container walls and during collisions with other Rb
atoms, *He and N,. The dominant relaxation mecha-
nisms for Rb polarization in our target are collisions be-
tween pairs of polarized Rb atoms [16] and with the He
and N, atoms as well as diffusion to the cell walls [17]. A
complete treatment of this problem is provided in a
separate publication [17], and we write only the result

Lsp=2X10"""n3+8X 10" Png, +8X 107 *ny , (8)

where the n’s are the number densities of the respective
species. The laser light must provide angular momentum
to the target at the rate per Rb atom of Iy in order to
mamtam a steady-state polarization. For our high densi-
ty >He target with n;=1.1X10%, ny, =6Xx10"
atoms cm 3 and 100 torr of N,, [sp=710s"1.

The relaxation of Rb electron spin due to diffusion to
the cell walls results in a boundary layer of unpolarized
Rb that absorbs the incident light. This absorption is ac-
counted for by increasing the incident light intensity by
approximately ng,V/10.8Do /I, where o is the ab-
sorption cross section for the incident light, D is the
diffusion constant for Rb in *He (D =Dyn,/n, and
D,=0.3 cm?/s and ny=1 amagat), and [ is the intensity

Collisional
/ Mixing
— P12
i I
1| b1
2 | (7 |2
I I
I 1
Y y / Y
__1 radiative _.1
Ms="3 decays 2

FIG. 2. Illustration of Rb optical pumping for incident circu-
larly polarized (o ;) light. Only the ground state with m,= —%
is depopulated by the o . light. Due to collisions with the *He
and N, gas in the pumping cell, the p,,, states are mixed and

the probability for repopulating each ground state is %

of incident photons (rate per unit area). The factor of
10.8 accounts for the wall collision loss of the total angu-
lar momentum (F=S8+K) stored in the Rb atoms. For
our conditions, this layer absorbs about 15% of the in-
cident laser intensity. This loss might be reduced with
appropriate wall coatings such as discussed by Swenson
and Anderson [18]. We therefore require at least 3 W of
laser power for our 25 cm® pumping cell at ng, =6X 10'
atoms/cm.’

The effect of ionization on Rb polarization is also quite
serious, though not well understood. We have observed
the effects of beams of about 100 nA of 20 MeV alpha
particles [10] and several pA of 250 MeV electrons. The
Rb polarization is greatly reduced in a single cell target.
This problem has been eliminated in the two cell target
design which isolates the polarized Rb vapor from the re-
gion of electron bombardment.

Another mechanism that can in principle limit Py, at
high ny, is radiation trapping due to the emission of un-
polarized, resonant photons trapped within the high den-
sity Rb vapor. Radiation trapping is suppressed by in-
cluding N,, which nonradiatively quenches the Rb excit-
ed states [19]. We use about 4 X 10'® molecules cm 3 or
100 torr at 300 K of N,. This N, also reduces the effects
of ionization on 3He relaxation as discussed in Refs.
[10,20]. The possibility of using as little as 20 torr of N,
or alternatively using H, is under investigation.

It is therefore possible to produce essentially 100% po-
larization of the Rb in the pumping volume, limited only
by shadowing which prevents the laser light from reach-
ing some parts of the vapor.

II1. *He POLARIZATION RELAXATION

The total *He spin relaxation rate ' of Eq. (1) is the
sum of rates due to wall interactions, collisions,
magnetic-field inhomogeneity, and the ionization pro-
duced along the electron beam. Wall relaxation rates
have been observed to vary appreciably depending most
strongly on the material used for the cell. Borosilicate
glasses such as Pyrex have high helium permeation, and
it is believed that the *He is subject to long effective stick-
ing times as it diffuses into the glass. Glasses with very
low helium permeation such as alumino-silicate glasses
(Corning 1720 and 1723) and Schott 8290 have much
longer wall relaxation times. For Corning 1720, a wall
relaxation rate smaller than 1/(60 h) has been observed
while for Schott 8290 glass, 1/(30 h) has been observed.
Bulk relaxation due to He-He collisions contributes a rate
1/(80 h) for a 10 atmosphere target.

A. 3He polarization relaxation due
to magnetic-field gradients

Both static and time-dependent magnetic fields lead to
SHe polarization relaxation. In this section we present a
general formulation of the problem and derive approxi-
mate expressions for relaxation contributions due to both
static gradients and the time-dependent fields produced
by the electron beams encountered at labs such as Bates
and SLAC. Our formulation assumes the limit of high
density and high magnetic field appropriate for the high
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density targets [21]. We first consider relaxation due to
magnetic field gradients. We define an average magnetic

— o= 1 3
BO—Boz—va(r)d r. O

Magnetic-field gradients have components parallel and
transverse to B,. At a specific position r, the transverse
components of B are given by B,(r) with

[Br(nd*=0. (10

As a *He atom moves rapidly (with velocity about 10°
cm/s) between collisions with other gas molecules B,
changes and therefore the direction of B(r) changes.
Thus in the atom’s rest frame, there is a rotating field.
The evolution of an atom’s spin is found by integration of
the Schrédinger equation during the interval 7, that be-
gins and ends with a gas kinetic collision. We are in-
terested in the angle of rotation of the spin relative to
B,: 6. The change of polarization during the interval is

2
AP3=P3(cos6—l)z—P3% , (11)
where
AB;

ABy is the change of the transverse component of the
magnetic field and AB, is the change in the longitudinal
component during the interval. We have assumed that
the changes AB; and AB, are small compared to B,,.
The rate of loss of polarization is given by the average
over time and the appropriate volume of the product of
6?/2 and the collision rate per atom. This averaging in
general requires solution of the diffusion equation which
is presented in the Appendix. There we show that
dP,/dt is essentially constant over the entire volume.
Thus with the assumption that 6 <<1,

—_—:_FBP3:_P37R > (13)

where R is the rate of depolarizing events, in this case the
traversing of the gradient of B, between a pair of succes-
sive gas-kinetic collisions.

For a static-field gradient, R is the gas-kinetic collision
rate given by R =v /A, where v is the mean speed and A is
the mean free path. The average over all directions gives
(AB;)>*=(A?/3)(VB;)*. Thus the contribution to the po-
larization relaxation rate given by Eq. (13)is

1 _(VBg)?

Fp=-D B: (14)
where D = 1Av is the diffusion constant. This agrees with
previously derived expressions for relaxation due to static
magnetic-field gradients with the conditions of our high
density target [13,21]. This contribution to the *He relax-
ation rate can be made negligibly small with control of
the field gradients through proper magnet design, mag-
netic shielding, and by increasing B,,.

The relaxation due to the magnetic field produced by
the pulsed electron beam depends on the time structure,
peak currents, and beam size. Three effects must be con-
sidered. These are the following: (i) Possible coincidence
of the *He Larmor frequency with the harmonics of the
electron beam pulse frequency. (ii) The sudden periodic
appearance of transverse magnetic-field components due
to the beam microstructure. (For example, at both SLAC
and Bates Linacs, this microstructure consists of pulses of
several ps duration at 300 GHz. The electron beam is
pulsed with 1.6 and 16 us duration at 120 and 600 Hz, re-
spectively, for SLAC and Bates.) (iii) The gradients of the
magnetic field produced by the beam which have the time
structure described above. The solution to the possible
coincidence of the *He Larmor frequency and pulse fre-
quency harmonics lies in detuning and shifting the Lar-
mor frequency such that this effect becomes negligible.
(Harmonics of the beam pulse frequency generally de-
crease in amplitude as the harmonic number increases.)

To determine AB; and VB, we assume a Gaussian
charge density for the beam:

Jy=—L_g-rsa (15)

77'112

where I is the peak current of the electron beam and a is
the nominal beam radius, taken to be 0.05 cm. The re-
sulting magnetic field will be azimuthal and is given by

»
By= ;‘ize*'z/“ : (16)
u
and its gradient is
_ Mol [ Py
VB,= ra? _2F " (17)

To calculate the effects of gradients of the beam during
a pulse, the rate R of Eq. (13) must be replaced by
Fpv /A, where F)) is the duty cycle of the beam, essential-
ly the probability that the *He atom will undergo a col-
lision while the perturbing field AB is present. With
(ABT)2=(7LZ/3)(VB¢)2, the contribution to the relaxa-
tion rate, when averaged over the cell of radius 4, is

pol |? 4*
T,=DF - 1— —24%/a2 1+4-2—
B D 4ra AB, [ ¢ at
2
ol
=DFp |—— | , 18
D\ 4ra 4B, 1%

where the approximation is valid for the values a =0.05
cmand 4 =1 cm.

The contribution to relaxation from the beam pulse
structure is given by considering the sudden appearance
of transverse components of the magnetic field which
lead to the precession of the °He spins about
B, =Bo+Br. We can then use Eq. (13) with AB the
transverse component of the instantaneous magnetic field
and R the pulse rate. Thus I'j averaged over the target
cell becomes
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TABLE 1. Contributions to I'.

Lab R F, I I';! gradients I';! pulsed beam !
Bates 600 s~! 1X1072 1 mA 3X10° h 40000 h 36 h
SLAC 120 s~} 2X1074 25 mA 8X10° h 340 h 72 h
CEBAF 1 25 uA 6X10% h 144 h
R [ wl | 24%/a? 42 17 | ATer 2 21
Cpg=—7|—7 l—e 24 7¢ |142— n,~—— |——
B 2 417'AB0 € 112 ¢ 2 Tex #i
Rl pd | In the limit A7, /#>>1 and A7,/#>>1, Bonin et al.
= 4r4 B, (190 [20] provide the approximate expression:

Estimates of these relaxation rates are presented in Table
I

B. 3He relaxation due to ionization

Ionization of the *He by the electron beam causes re-
laxation due to the coupling of the nuclear spin to un-
paired electron spins and the rotational angular momen-
tum of He,” molecular ions [20]. When a *He atom is
ionized, the hydrogenlike *He™ ion with nuclear spin po-
larization (mg = +1) has a probability of 50% electron
spin m;=+1 and 50% probability of electron spin
m;=—1. For the case of m;=—1, mp=0 and the
hyperfine interaction mixes nuclear and electron spin, re-
sulting in some nuclear depolarization. When m,=+1,
no depolarization occurs. If the ion’s lifetime is long
enough (more than a few ns), the hyperfine interaction
completely mixes the electron and nuclear spins in the
m =0 state and the probability of nuclear depolarization
of that ion is 5. This will also lead to some polarization
of the electron. If the depolarized ion undergoes charge
exchange with other polarized *He atoms, further nuclear
depolarization occurs, but each charge exchange in-
creases the polarization of the ion’s electron. When the
electron’s polarization saturates, it can no longer cause
nuclear depolarization. Thus for each electron-ion pair
formed, no more than one nuclear spin is depolarized.
We characterize this by the quantity n,, the probability
that creation of a single ion pair leads to depolarization
of a single *He nucleus, with 0<n, <1.

The exact value of n, depends on the lifetime of the ion
before recombination (7,), the mean time between reso-
nant charge exchange collisions which transfer the par-
tially polarized electron between *He atoms (7,,) and the
rate of hyperfine mixing, estimated to be 4 /A=27X2.6
GHz [20]. In the limit A7, /#%<<1 only a very small
amount of polarization is transfered from the nucleus to
the electron before a charge exchange collision occurs,
and we can estimate n, using Eq. (13) where

_ ATey
#i

We therefore have for n, << 1

(20)

Tex T Ta
=— 22
"a T (2r, +1,) 2)

In the targets produced for electron scattering with 100
torr of N,, we have 0.1 <7, <0.2ns and 0.01 <7,,<0.03
ns. Thus

ATy
0.16<

<0.5rad . (23)

Thus the hyperfine mixing is not complete; however,
many charge exchange collisions occur during an ion’s
lifetime since 7, >>7,,, and n, = 1.

The possibility that molecular ions (*He,") form and
depolarize *He nuclei by resonant atom exchange has also
been discussed by other authors [1,20,22]). In pure He
targets (with no N, or other impurity) a single ion can
lead to many nuclear depolarizations denoted by n,,,
which can be many thousands [22]. Therefore, a fraction
nin=n,+n, of the *He ions formed will depolarize a
nuclear spin. In the high density *He target, n,,, ~n, ~1
because *He;” formation is so strongly suppressed by the
presence of N,.

The rate of production of *He* ions per unit area is

p= dE sl

— : (24)
" d(n;x) E; e

where dE /d (n;x) is the energy loss per *He atom per
cm?, E;=32.5 eV is the energy cost per *He*-e ~ pair, n;,
is the *He number density, ¢ is the length of the target
along the beam, and j, is the current density of the elec-
tron beam given by Eq. (15).

The rate at which *He atoms relax per unit area is re-
lated to R; as follows:

nytLi(r)=n; R,(r) . (25)

Equation (25) can be used to determine the distribution of
polarization in the target cell. In the Appendix, we do
this and show that the rate of diffusion of *He atoms into
and out of the region of the electron beam is much
greater than the relaxation rate of 3He polarization in any
part of the target cell. Therefore we can integrate Eq. (25)
over the entire volume to determine an average
ionization-induced relaxation rate:

r‘izkionVLib , (26)
t
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where i, = fj,,da =j,(ma?) is the total beam current (in
ampere) and

dE

Kion=ign 1
on on d(n3x) Ei

1 27)
e

For the high density target, k;,, ~2.4 cm?/C and for a 10
pA electron beam and a 1 cm radius target cell,
I';=1/(36 h).

In Table I, we estimate the maximum contributions to
3He relaxation due to the effects of the electron beam for
Bates, SLAC, and CEBAF. For Bates, we use a beam
current of 10 uA and for SLAC, a beam current of 5 uA
and a target density three times that used for the Bates
estimates. For CEBAF the higher density and a 25 uA
continuous beam are assumed. This is less than the pro-
jected available beam current for CEBAF and is chosen
so that I'; is not unreasonably large. In each case, we as-
sume a beam diameter of 1 mm that the static field gra-
dients are minimized, that there is no coincidence of the
pulse frequency harmonics with the Larmor frequency,
and that B;=30G.

IV. POLARIZED *He TARGET CONSTRUCTION

The general layout of the polarized target is shown in
Fig. 3. The major components are the target cell itself,
the laser, heating and cooling stages for the pumping and
target cells, and the magnetic field and NMR coils.
Specifics of these elements are described in this section.

Spectrometer (OHIPs)

Scattered electrons

Incident electrons

FIG. 3. General layout of the polarized target. The laser
light—3 to 4 W at 795 nm—is produced by a Ti:sapphire laser
pumped by a 20 W argon-ion laser. The circularly polarized
light is incident along the main static magnetic field (B,) onto
the pumping cell.

A. Target cells

The target cell design is illustrated in Fig. 1. The tar-
get is constructed entirely of glass in order to provide
sufficiently long wall relaxation times for *He polariza-
tion (', '>15 h). We have used two kinds of alumino-
silicate glass—Corning 1720 and Schott 8290. For the
two cell targets similar wall relaxation times have been
observed for the two kinds of glass, varying from 2 to 30
h. The source of the inconsistency of these relaxation
times remains unknown but may arise in the glass fabri-
cation or glass blowing stage or due to impurities in gases
used to fill the cells [23,24].

The glass stock used consisted of standard tubing. For
the Schott 8290, the pumping cell and target cells are
made from 2.2 cm inside diameter, 0.07 cm wall thickness
tubing. The cells are cylinders of length 6.5 to 7.5 cm
with rounded ends. For the pumping cell, standard
thickness seals are used to close the ends of the cells. For
the target cell, thin-end windows are blown by spinning
the cell to thin the glass, and then the ends are thinned
further by blowing them out. The window thickness was
determined by measuring x-ray attenuation. Window
thicknesses varied from 120 to 180 um. A single transfer
tube connects the two cells. The transfer tube is 5 cm
long and made from 0.4 cm inside-diameter tubing
chosen so that the transfer rate for polarization is about
1/(10 min). The measurement of this transfer rate is de-
scribed in Sec. V. The entire assembly is annealed after
the thin windows are blown according to the
manufacturer’s annealing schedule.

To fill the target with the gases it is connected via the
pumping cell to a glass manifold. A side-arm with natu-
ral Rb metal in a glass ampoule is attached to the mani-
fold, and the manifold is connected to an all metal vacu-
um system through a Viton O-ring compression seal.
The vacuum system employs an ion pump and sorption
pump to maintain cleanliness; however, a liquid-
nitrogen—trapped mechanical pump is used to remove
helium from the system after a cell is filled.

A target is baked for several days at 400°C to drive
volatile material from the glass surface. Additional
cleaning with an rf discharge is employed. The base vac-
uum after baking, measured at the ion pump, is less than
1077 torr.

The Rb is distilled and introduced into the pumping
cell by chasing it along the glass tube of the manifold
with a torch. During this procedure, the high vacuum
pumping continues so that any material out gassed by the
Rb and the glass surfaces is pumped away. This pro-
cedure is never exactly reproducible and may contribute
to the observed variation of *He wall relaxation rates. A
visible amount of Rb metal is introduced into the pump-
ing cell, which forms a shiny coating on part of the glass
surface. We estimate that several milligrams of Rb are
present.

The N, gas is then introduced into the manifold. The
N, pressure of 100 torr at room temperature (300 K) is
measured with a capacitance manometer. The target is
then valved off from the manifold and the entire target is
immersed in liquid nitrogen at 77 K. The N, is pumped
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out of the manifold and *He is introduced at a pressure of
about 2600 torr. When the valve to the target is opened,
the >He fills the target that is at a temperature of 77 K
and a pressure of about 720 torr as measured with the ca-
pacitance manometer. The cell is then sealed with a
torch by melting the glass just above the target which
collapses due to the greater outside pressure of the atmo-
sphere, thus forming a fused seal. While the seal is made,
the entire target remains at liquid-nitrogen temperature
and the pressure is monitored. The final densities of *He
and N, in the target are determined from the pressure
and temperatures at the time of sealing and the N, pres-
sure before sealing. Measurement of elastic scattering de-
scribed below confirm these densities. Cleanliness of the
N, and *He gases has been shown to be crucial for op-
timum performance. This has been achieved with liquid-
helium cryogenic techniques as reported by Cates et al.
[23] and Hausser et al. [24].

During operation, the target is contained in an assem-
bly consisting of the oven for heating the pumping cell to
a temperature of 180 °C with integrated NMR coils. The
oven is made of Nylatron-GS, a high temperature plastic,
with Pyrex glass windows for the incident laser light and
to monitor light transmission and the fluorescence from
the Rb vapor. The oven must be constructed of noncon-
ducting plastic instead of a nonmagnetic metal such as
aluminum alloy because of the NMR rf fields.

B. Polarization measurement

The 3He polarization is measured using adiabatic fast
passage NMR which has been discussed in detail in pre-
vious publications [1,14,25]. The coil arrangement con-
sists of three orthogonal axes for By, a set of rf drive coils
and a pickup coil. The circuitry is illustrated in Fig. 4.

During a polarization measurement, the rf produces an
oscillating magnetic field of typical frequency 100 kHz
which is tuned far above the Larmor frequency of the
*He. The static field B, is then increased at a rate of
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about 1 G/s until the Larmor frequency greatly exceeds
the rf frequency. (In this case far above and far below
mean many times the rf linewidth.) In the process, the
Larmor frequency sweeps through resonance with the rf
frequency and the *He spin rotates in the laboratory by
an angle approaching 180° as long as the process is adia-
batic. During the rotation, the spin also precesses at the
Larmor frequency and the magnetization of the *He can
be determined by measuring the voltage induced in a
pickup coil. The pickup coil forms part of a tuned circuit
which is resonant near or above the rf frequency. A mea-
surement of the polarization consists of sweeping B, up
and down, thus producing a pair of polarization reversals
and returning the polarization to its original orientation.

The pickup coil is oriented perpendicular to the drive
coil, but it is not possible to completely eliminate the cou-
pling of the drive field into the pickup coil. We therefore
employ a diffential measurement using the lock-in
amplifier to extract the difference between the pickup coil
signal and the rf drive signal shifted in amplitude and
phase.

Pickup coils can be attached to monitor the polariza-
tion in either the pumping cell or the target cell. For the
target cell, a coil can be wound directly around the cell
for the geometry shown in Fig. 4. This greatly increases
the coupling of the flux and reduces end effects compared
to the pumping cell for which the pickup coil must be
mounted away from the cell in order not to shadow the
laser light.

The NMR system is calibrated by comparison with sig-
nals from protons in water that are polarized due to the
Boltzman distribution of populations in a magnetic field
at thermal equilibrium. The proton polarization (P,) is
quite small:

(28)

but the density of protons in water (6.7 X 10?2 'H/cm?)

B Power supply

Target Control Computer

Upper cell
pick-up coil

Lower cell
pick-up coil

Lock-in
Ampl

y 4 ]>_ Lock-in
; ) l Amplifier

lifier

RF-signal
enerator

—

B4 Dirive Coils

RF amplifier

i

FIG. 4. Schematic of the NMR *He polarimeter. Pickup coils can monitor the polarization in both the pumping cell and target
cell, though during electron bombardment, only the pumping cell polarization is monitored. The control computer sweeps the By
field through the resonance of the *He with the applied rf B, field. The magnetization precessing about B, at the Larmor frequency
induces a voltage in the pickup coil which is detected by the lock-in amplifiers. The computer records the NMR signal vs B,.
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provides sufficient enhancement to measure the signal
size with precision of about 5%. Figure 5 shows sample
NMR resonance signals from the protons in water. The
proton polarization relaxation time is only a few seconds
and therefore the polarization, once flipped, relaxes back
to that of thermal equilibrium before the return sweep.
Since the lock-in response is proportional to the sign of
the polarization and the rate of change of B, the reso-
nance peaks change sign between the upward and down-
ward sweeps. For the *He NMR, shown in Fig. 6, both
the sign of the polarization and the rate of change of B
reverse and the two resonance peaks have the same sense.

The calibration is performed with the same NMR fre-
quency as the *He in order that the response of the tuned
pickup coils not change. It is crucial that the water cell
be the same shape and size as the polarized *He target in
order that all of the flux coupled from the complicated
geometry be the same for the two.

The 3He polarization is determined from the NMR sig-
nal size (S;) by taking the ratio with the proton signal
size (S ):

p,=p 2k (29)

Sy n3y ps

where u, and u; are the magnetic moments of the proton
and 3He, respectively. The dominant uncertainties for
the quantities used in Eq. (29) are S, and n;. Though
the pressure of the target at the time it is sealed is pre-
cisely measured with the capacitance manometer, the
effects of thermal gradients during sealing with the torch
are uncertain. Measuring the remaining pressure in the
manifold gives a more accurate measure of the amount of
gas in the sealed cell. Operation with a temperature
difference between the pumping cell and target cell re-
quires a correction for the temperature. We have in-
dependently measured the *He density in the target cell
by elastic scattering of electrons to confirm this. We con-
sider the uncertainty of *He density to be less than 5%.
For the sealed targets, our estimated precision for the
3He polarization measurement is therefore taken to be

B increasing

B decreasing

NMR Signal (uV)

T T T T
18 15 12 12 15 18
B (Gauss)

FIG. 5. NMR signals from protons as the By field is swept
through the resonance. The sign change of the NMR signals
for B, decreasing and B, increasing is due to the relaxation of
the proton polarization to its thermal equilibrium value between
sweeps. This is further explained in the text. Signals are from
the lower cell pickup coil.

B decreasing Bincreasing
60 —
50
40 —
30 —

20 -

NMR Signal (mV)

10 4

T T
24 21 19 16 16 19 21 24
B (Gauss)

FIG. 6. *He NMR signals. The *He polarization does not
change appreciably between sweeps and therefore the NMR sig-
nals for B, decreasing and B, increasing have the same sign.
Signals are from the upper cell pickup coil.

7%. We have also developed an unsealed target in which
the pressure and temperatures are directly measured (see
Sec. IX).

C. Lasers

Throughout the course of development of the spin-
exchange technique of *He polarization, dye lasers [1],
diode laser arrays [12], and most recently Ti:Al,O; lasers
have been used. Under normal operating conditions,
Ti:Al,04 lasers are currently capable of producing 5 W of
useful power for 20 W of input power from all blue and
green lines of an argon-ion laser. Cooling of the crystal
to about 10°C is essential and improves higher power
performance. Efficiency of 25% above a threshold of 2
W seems a reasonable expectation.

V. POLARIZATION TRANSFER TIME MEASUREMENT

The performance of the two-cell target has been inves-
tigated on the bench and under actual running conditions
with an electron beam. In this section we describe the
bench-test measurements of the time constants for polar-
ization build up and transfer between the pumping cell
and target cell.

The intrinsic cell relaxation times and maximum polar-
ization were measured by a series of NMR scans of the
target cell polarization at 20 to 30 min intervals begin-
ning (at  =0) with zero *He polarization. Such a mea-
surement is shown in Fig. 7. The characteristic time con-
stant of 6 h is apparent in these data, as well as the effect
of tuning the laser. This is indicated by the annotations
of Fig. 7. The maximum polarization achieved, about
40% is limited by laser power, which limits Py, for a
given v and by the intrinsic cell relaxation rate I' which
limits the maximum >He polarization as given by Eq. (7).

The polarization transfer time was measured by des-
troying the polarization in the target cell and measuring
the target cell polarization at 5 min intervals. Under
these conditions, an initial difference in polarizations of
the pumping cell and target cell given by P,(0)—P,(0)
will exist. As shown in the Appendix, the time depen-
dence of the target cell polarization is given by
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Polarization (%)

T T - T
0 2 4 6

T 1 I T
8 10 12 14

Time after start of measurment (hours)

FIG. 7. *He spin-up curve taken on the bench. During the course of the measurement, the laser was tuned, increasing laser power
as indicated. This increased the maximum attainable polarization and indicates that the *He polarization is laser power limited. The
solid curve is a fit to the form of Eq. (1) for the data after the laser was tuned. The time constant for polarization was 6.8 h.

G,

—(G,+G)
G,+G,

P,(t)= [P,(0)—P,(0)](1—e ), (30)
where P, and P, are the 3He polarizations in the pumping
and target cells, respectively, and Gp and G, are rates for
polarization transfer into the respective cells. These rates
are discussed in detail in the Appendix.

The target cell polarization can be destroyed by
7.0 4

6.8 —

Polarization (%)
[2)) (=) (=)}
(§) » o
1 1 |

R
=}
|

w
0
|

5.6 -

effecting a maser pulse when the *He polarization is
oriented with respect to B, such that a population inver-
sion exists and the pickup coil resonance coincides with
the *He nuclear magnetic resonance frequency. Alterna-
tively, the strong local gradient from a bar magnet can be
used to induce stronger *He spin relaxation in the target
cell than in the pumping cell. Figure 8 shows the buildup
of polarization in the target cell after the target cell spin

I [
0 10

LR T
20 30

Time After Maser Pulse (minutes)

FIG. 8. Measurement of the transfer time for polarization from the pumping cell to the target cell. At the time of the maser pulse,
most of the polarization in the target cell was destroyed. The target cell polarization increases as the pumping cell and target cell at-
tain equilibrium. Since the laser was off, the relaxation of spin at the rate I, is apparent. The time constant for polarization transfer
is 10 min and the relaxation time for *He polarization is 5 h, dominated by spin exchange collisions with the unpolarized Rb vapor.
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was destroyed. The time constant of 10 min is consistent
with the design of the transfer tube and is much shorter
than the 6 h time constant for *He polarization by spin
exchange shown in Fig. 7.

The relative size of the time constants for *He polariza-
tion by spin exchange and for polarization transfer from
pumping to target cell shows that the two cells are
strongly coupled as shown in the Appendix. The *He po-
larizations in the pumping and target cells are therefore
essentially equal as long as the polarization transfer time
is much shorter than any *He spin relaxation time. This
is the case for the work described here, including the in-
beam measurements described below. While running
with the electron beam, the pickup coils were removed
from the target cell and the polarization was measured in
the pumping cell only.

VI. IN-BEAM TARGET PERFORMANCE

Several in-beam tests are of interest. First, the effects
of the electron beam and radiation on the materials was
investigated. The target cells were constructed with
120-150-um-thick glass windows to reduce the amount
of heat produced by incident electron energy loss. These
windows have been shown to survive with up to 40 uA of
incident current and ran for ten days with 5-7 uA and
several hours with 22 uA. Heat was removed by streams
of flowing air on both the entrance and exit windows.
We have also experienced the effects of the electron beam
incident on thicker glass, which melts or weakens the
glass as expected. One target cell was destroyed by poor
steering of the incident beam into the thicker side wall of
the target.

Glass blackening due to the formation of color centers
by the high radiation field was also observed. In general,
the effects of glass blackening can be reduced by anneal-
ing either at high temperature or with ultraviolet radia-
tion. (Sunlight is effective.) Since the pumping cell was
maintained at 180-200°C, it was essentially self-
annealing and negligible attenuation of incident laser
light due to glass blackening was observed. The target
cell was not heated or annealed and significant blacken-
ing was observed.

The effect of enhanced *He relaxation due to ionization
was investigated by measuring the polarization time con-
stants. For the 5-7 puA polarized electron beam, we ex-
pect a contribution to the °He relaxation rate of
I';=1/(60 h) which is small compared to the combined
rates of spin exchange and wall relaxation
[ogg+T,=1/(6 h)]. For a 22 pA unpolarized beam,
polarization was maintained for several hours.

In Fig. 9, we show the performance of the target over
the course of ten days of running with the 5-7 uA polar-
ized beam. Polarization measurements ae made at ap-
proximately 1 h intervals, a time difference short com-
pared to the polarization, and relaxation time constants.
Therefore, the polarization during the time between mea-
surements is accurately determined by the average of the
measurements at the beginning and end of the interval.
Most striking are the long time constants for buildup or
decay of polarization and the sudden decrease in the

20—
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FIG. 9. The polarization during running with the 5-7 uA
electron beam. Two different target cells were used.

magnitude of He polarization associated with certain
events such as flipping the polarization, laser failure, etc.
Note also that the maximum polarization attained during
running was 30%, less than the 40% attained in the
bench tests described above. This reduced polarization
was due to the different orientation of the pumping cell
with respect to the incident laser beam. For the bench
test, normal incident was posssible which allowed uni-
form illumination of almost the entire volume of Rb in
the pumping cell. For the in-beam tests, the incident an-
gle was near 45° in order that the *He polarization be
aligned along or perpendicular to the vector q for 578
MeV electrons scattered at 51°. The consequence of the
45° angle degree of incidence for the laser light is that
part of the pumping cell was shadowed, and the Rb was
not completely illuminated leading to reduced Pg,. An
optimal arrangement can be effected with the appropriate
choice of orientation of the pumping cell relative to the
target cell.

VII. POLARIZED-ELECTRON-POLARIZED *He
ELASTIC SCATTERING MEASUREMENT

We have used a measurement of elastic polarized elec-
tron scattering from our polarized *He target to confirm
the polarization of the *He in the vicinity of the electron
beam. The asymmetries measured in elastic scattering
depend only on the previously measured electric and
magnetic form factors of *He [26] and can therefore be
accurately predicted without any dependence on models
of the nuclear structure of *He [27]. In a separate paper
[28], we describe this measurement in detail. We summa-
rize the results here.

The measurements took place at MIT Bates Linear Ac-
celerator Center where two spectrometers were employed
for this measurement. A large solid angle, vertical bend
spectrometer with a 10% momentum bite (OHIP’s), pro-
duced the cleanest data from the extended gas target. A
second spectrometer with horizontal momentum analysis
and 40% momentum bite (BigBite) was also used to pro-
vide additional data, though of lower quality. Target
defining slits were used with both spectrometers to screen
out electrons scattered from the target end windows. The
kinematics are given in Table II. The angles correspond
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TABLE II. Energies and angles for elastic scattering asym-
metry measurements (E =0.578 GeV).

OHIPs 6=51.1°

E’ 0.537 GeV
Q? —0.231 (GeV/c)?
(6*,0%) (99.8°, 0°)
A, measured 0.43+0.20
A, predicted 0.29+0.015
% 0.49
BigBite 6=44"

E’ 0.546 GeV
Q’ —0.177 (GeV/c)?
(6*,0*) (115.5°,0°)
A, predicted 0.20+0.01
A, measured (D,,) 0.13+0.07

x2 1.00

A, measured (D) 0.11+£0.07
2 1.65
{0*,@15* ) (26.4°,0°)
A, predicted —0.03+0.006
A measured (D,,,) 0.19+0.16
x? 1.00
A, measured (D) 0.341+0.24
x? 1.67

to the scattered electron angle (6) and the polar angles of
the target polarization in a coordinate system with the z
axis along the three momentum transfer direction (i.e.,
along q). k and k' are the initial and final electron mo-
menta 0.548 GeV/c is shown in Fig. 10. Peaks for elastic
scattering from *He and N as well as inelastic scattering
to excited states in '“N are shown. For final electron en-
ergy below that corresponding to the '*N elastic peak, in-
elastic scattering from N and *He produce the broad
continuum in the spectrum.

The asymmetry for elastic scattering is extracted by
correcting for the electron and target polarization as
measured by Mgller scattering and NMR, respectively.

I;’(ﬁ‘ 0.740.3 0.540.5 0.7#13 | Raw Asymmetries (%)

5000 3He elastic
4000
3000 -]
2000 .
N, excited states
N, elastic

1000 Quasielastic from 2

3Heand N —

0

T T e T T T 1)
0518 0.528 0.;38 0.548  0.558 0.568 0.578

Final Momentum (GeV/c)

FIG. 10. Spectrum from OHIP’s spectrometer. The features
due to elastic scattering from *N and *He and identified excited
states in '“N are indicated. Also indicate are the raw asym-
metries, defined in the text, for the regions indicated.

The asymmetry is defined as

Adg=gp-— 2 31)
P, Py D ngpt+my,

where P, is the electron polarization, P; is the *He polar-
ization, D is a dilution factor (the ratio of total counts
from *He to that from all other sources determined from
the summed spectrum of all runs with both electron heli-
cities), and 7 ; are the number of scattered electrons per
incident electron for each electron helicity.

For the OHIP’s data, we find an asymmetry of
A, =+43120%. The errors presented are the combina-
tion of statistical and systematic errors. The statistical
error dominates all systematic errors including uncertain-
ty of the beam and target polarization. The predicted
asymmetry is +29+1.5%. For the BigBite data, two
different directions of the target polarization are used.
The elastic assymmetry for BigBite is extracted by using
Eq. (31). Dilution factors were determined in two ways.
The first extracts an average dilution factor for all the
runs for a given polarization angle by summing the runs
D,,,, and the second extracts run-by-run dilution factors
D,,, and extracts an asymmetry for each run based on
Eq. (31). The results for both techniques are given in
Table II for the BigBite data. The two techniques are
consistant for the OHIPS data.

We can combine these results by calculating the y? for
the measured asymmetries with respect to the predicted
asymmetries as given in Table II. The sum for the three
measurements is y>=2.49 when the BigBite data are ana-
lyzed with the averaged data and y*=3.81 when the Big-
Bite data are analyzed with dilution factors for each indi-
vidual run. We therefore conclude that the NMR mea-
surement of polarization and the elastic scattering deter-
mination of *He polarization along the electron beam are
consistent. A complete analysis of all of our elastic
scattering measurements and further details of the experi-
ment are presented in a separate paper [28].

VHI. FUTURE HIGH DENSITY POLARIZED *He
TARGETS

Several innovations have already been incorporated
into single-cell polarized 3He targets at Princeton [23]
and TRIUMF [24]. Most important is the production of
targets with up to 12 atm of *He produced by cooling the
cell to liquid-He temperatures before sealing. Very long
relaxation times, approaching the limit imposed by 3He-
3He collisional relaxation [23], have been observed. We
plan to use these techniques for two-cell targets as well,
which will be essential for the deep inelastic electron
scattering work [9]. An alternative technique has been
developed which employs a cell that is not permanently
sealed, rather having a valve. This has proved useful for
our investigations of Rb spin relaxation with various
buffer gases [17] and may find an application in an actual
target.

Larger target volume seems to be only a question of
laser power which is in turn a question of cost. However,
in the six years since the first application of laser optical
pumping to polarization of 3He by spin exchange, a fac-
tor of 5 increase in laser power has been realized with no
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increase in cost. Though another factor of 5 may not be
realized at a similar, negligible cost, it is likely that the
potential for future experiments will be paced by the im-
pressive developments in laser technology, and we hope
continued and enhanced cooperation between research
and industry.

IX. CONCLUSIONS

We have demonstrated an effective high density polar-
ized *He target for electron scattering experiments. This
was used for a series of tests and masurements at Bates
Linac with 5-7 pA of polarized electrons for 10 days and
with up to 22 puA of unpolarized electrons for several
hours. The two-cell target is necessary for experiments
where ionization produced by the incident beam is at a
rate that affects Rb optical pumping (greater than about
100 nA for minimum ionizing particles). Measurements
of polarization and polarization transfer from pumping
cell to target cell demonstrate the principles of operation
of the two-cell target. Measurements of asymmetries in
elastic scattering of polarized electrons from polarized
3He confirm that the *He is polarized along the incident
beam. The two-cell target design is appropriate for
higher volume and density targets for experiments at
SLAC and CEBAF which will require significantly
greater laser power than used for the work described
here.
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APPENDIX: DYNAMICS OF THE TWO CHAMBER
TARGET; TARGET CELL POLARIZATION
DISTRIBUTION; TARGET CELL RATE EQUATIONS

In this Appendix, we derive the rate equations describ-
ing the dynamics of the two-chamber target, the target
cell polarization distribution in the presence of the elec-
tron beam, and the target cell rate equations necessary to
understand the transfer time measurement. We refer to
the Fig. 1 which shows the pumping volume V,, the tar-
get volume V,, and the transfer tube with length L and
cross-sectional area S. In general the temperatures of the
two cells are different, which leads to a gradient of *He
density [n(z)] along the transfer tube. The rate equa-
tions describe the transfer of spin between the target cell
and the pumping cell. In the pumping cell, spin exchange
from the laser optically pumped Rb provides a source of

spin, and relaxation due to the source described in Sec.
III sink the polarization. Additional time dependence is
due to the transfer tube connected to the target cell.

1. Dynamics of the two-chamber target

We begin by considering a situation in which spin ex-
change and *He relaxation are negligible and the only
time dependence is due to spin transfer. We consider the
density of spin-up and spin-down *He atoms, n * and n ~,
respectively. To begin we assume that n ™ and n ™~ are
constants in each of the pumping and target cells but that
they are a function of position (z) along the transfer tube.
Thus

n*(L/2)=n,p"(L/2), n*(—=L/2)=np"(—L/2),
(A1)

where p*/7 is the probability of finding a *He atom with
spin up/down, Py;=p" —p~ andp* +p~ =1. Also
_ 1+Ps(2) _ 1=Py(2)

2 2

A current J* of spin-up atoms is driven from the
pumping cell toward the target cell by the polarization
gradient:

+

p(2) (A2)

and p~ (z)

" dP.(z)
T @) =nD ()22 L, )pEXE
dz 2 dz

where D(z) is the diffusion constant for *He at the tem-
perature and pressure at point z. The rate at which spin
up atoms flow from the pumping cell into the transfer
tube is related to the rate of change of *He polarization in
the pumping cell given by

—+
b, _ dpy _ 2,7s

(A3)

A4
dt dt n,V, ’ (Ad)
and similarly for the target cell,
dp, _dp 2SS
topfP T (AS)

dt dt nV,

We assume that the polarization gradient is a constant
along the transfer tube, and is given by
dP;(z) Py(L/2)—P3(—L/2) P,—P,
dz L L

We note that the continuity equation relates the rate of
change of polarization along the transfer tube to J *(z):

(A6)

dP;(z) dpt(z) _,dJ*(2)
= = . A7
T T (A7)
With the assumption of Eq. (A6) we find
dPs(z) P,—P, g
= — D . A8
n(z) pr 3 dz[n(z) (2)] (A8)

Thus, in the steady state [dP(z)/dt —0], the polarization
in the upper and lower cells are equal even when a tem-
perature gradient leads to a finite gradient of [n (z)D(z)].
We note also that this assumes that the relaxation of po-
larization in the transfer tube is negligible. [Such relaxa-
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tion can be accounted for by adding a term —I'P(z) to

Eq. (A8).
We therefore have
P,—P, P, —P,
o =—5p D, and JF=—5-—nD, . (A9
Making use of Eq. (A9), we can define a rate
D S
=—t (A10)
FoLy,

Thus the spin transfer rate for the pumping cell is given
by

ap,
—Et———Gp(PP—P,) (A11)
For the target cell,
dP, 2J,FS
—=——=G,(P,—P,), (A12)
dt nV, Py =Py
where the transfer rate for the target cell is
=25 (A13)
LV,

In order to include spin exchange and relaxation in the
rate equation for polarization in the pumping cell we as-
sume that the Rb is confined to the pumping cell and that
sources of *He polarization in the pumping cell are spin
exchange from the Rb and diffusion of spins from the tar-
get cell. Relaxation in the pumping cell is due to wall re-
laxation (I",,) and diffusion to the target cell. Thus the
time dependence of the polarization in the pumping cell
is given by
dP

d—tp= _Gp(Pp—Pt)_(ankSE+Fp )PP+PRbankSE ’

(A14)

where ng;, is the Rb vapor density in the pumping cell
and G, is the rate of diffusion of polarization into or out
of the pumping cell given by Eq. (A10).

2. Target cell polarization distribution

For the target cell, electron beam-induced relaxation is
position dependent, and we must consider the distribu-
tion of the polarization in the target cell. This is deter-
mined by solving a rate equation in the presence of the
polarization source provided by transfer of spin from the
pumping cell, and in the presence of relaxation from all
sources: wall relaxation, magnetic fields produced by the
electron beam, and ionization. In principle the source of
polarization provided by the transfer of spin [Eq. (A12)]
is also position dependent, however, the time for diffusion
within the target cell is much less than the transfer time.
To justify this, we note that the diffusion time from the
transfer tube to any part of the target cell a distance d
from the transfer tube is given approximately by

2
2D,

(d)= (A15)

For d =4 cm, appropriate for the targets used in the ex-
periments at Bates, 7(4 cm)~=8 s, much sorter than the 10
min transfer time demonstrated in Fig. 8.

The rate equation for *He polarization as a function of
postion in the target cell is therefore

dP(r)

ot =G,(P,—P,)+D,V*P(r)—P(r)[Tp(r)+T;(r],

(A16)

where I'g(r) is the relaxation rate due to the pulsed beam
given by Egs. (18) and (19) and I';(r) is the ionization
rate given in Eq. (25).

Wall relaxation is not explicitly written in Eq. (A16);
rather, it comes from the boundary conditions imposed
by the radial derivative of P(r) at r =0 and by the aver-
age polarization P, which is a measured quantity. We as-
sume that P(r) is independent of axial distance along the
target cell and azimuthal angle. Thus

vep(n=19 |, 280 (A17)
r or or
The average polarization in the target cell is
_ 1 A
P=—>5 [ ptri2arar . (A18)

In the absence of the electron beam [I'gz(r)=0 and
T, (r)=0]

d’;(t’) =G,(P,—P,)+D,V?P(r) . (A19)
In the steady state [dP(r)/dt =0] we have
18| aptn|__G , _
vl Lamrw D;(Pp P,). (A20)
The solutions are
8P(r) __rG
5, ARG (A21)
and
_ G, A?
P(r)—P,+4Dt (P,—P,) T—rzl , (A22)

which satisfy the boundary conditions (3P /dr)|,—_,=0
and Eq. (A13).

In order to establish the connection to I, the mea-
sured relaxation time of the average polarization P,, we
integrate Eq. (A19) radially over the target cell:

1 d r4
T ard, P
1
=~A—2—foA[G,(Pp——P,)+D,V2P(r)]2r dr. (A23)
The left-hand side yields
dP,
=GP, ~P)~T,P,, (A24)

which follows the form of Eq. (A14) and establishes the
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definition of ', as the averaged wall relaxation rate. The
right-hand side, integrated by parts, yields

D, ap(r)

G,(Pp —Pt)+2—A— ar (A25)

r=4

Combining these two equations, we have a boundary con-
dition at r = A4

P (r)

A
ar r,pP,.

=3 TWP (A26)

Substituting the steady-state solution for dP(A)/dr we
find the expected relation for the steady state:

G,(P,—P)=T,P, , (A27)
and Eq. (A22) becomes
P(r)=P, |1+ Ly 4° =2 (A28)
=5 8D, A2

For I',=1/(30 h), D,=1 cm?/s and 4 =1 cm, we see
that the position dependence is extremely weak:
(A29)

P(r)=P, |[1+107¢

2
r
“27]

Therefore, P(r) can be accurately expressed as the aver-
age over the target cell [P(r)=P,] with an effective error
less than 1 part in 107°.

Returning now to Eq. (A16) we investigate the effects
of an electron beam on the radial distribution of polariza-
tion in the target cell. We recall the radial dependence of
relaxation due to the beam:

R .u'OI r? —2r2/42
N = LA r</a
5= 2maB, | &2
(pulsed beam) , (A30)
2 2
DF 2
Ty(r)= D Mol o e"2’2/"2
202 27TaB0 aZ
(gradients) , (A31)
i
T =k —se 774" (A32)
Ta

Reiterating the definitions of the quantities: I is the peak
current of the electron beam pulses, a is the electron
beam radius taken to be 0.05 cm, B, is the holding field
of about 30 G, R is the beam pulse rate, F, is the pulsed
beam duty factor, k;,,~2.4 cm?/C is given by Eq. (27),
and i, is the average of the electron beam. Numerical es-
timates of the coefficients with parameters for the SLAC
beam given in Table I are

2

R | mol PR
= =1.7%x1
2 | Zeas; 1 0 4s !, (A33)
DF Nk

b |_H =2.2%x10" 757! (A34)
2a2 27TaBO

and for i, =5 pA

i
Kin—s =1.5X1072 s
Ta

(A35)

We will therefore specialize our considerations to the dis-
tribution of polarization due to ionization, which dom-
inates the beam-induced relaxation as is evident from the
average of the relaxation rates given in Table I.

We seek the steady-state solution for the polarization
in the target cell with the average beam current iy,. This
is appropriate even though the beam is pulsed. In order
to see that this is true, we estimate the loss of polariza-
tion during a single-beam pulse in the region of the beam.
Making use of Eq. (26), the relaxation rate for the Bates
beam with peak current I=1 mA and V/t=ma? is
Ipeac=0.1 s~!. At Bates, the beam-pulse duration is
about 15 us and thus the polarization loss in the region of
the beam during a single beam pulse is 4X 107 %P,. Dur-
ing the time between pulses, about 1.6 ms at Bates,
diffusion is driven by the small gradient of polarization
effected by the pulse. We use Eq. (A15) to estimate that
3He atoms diffuse about one beam radius during this 1.6
ms, reducing the polarization loss. Successive beam
pulses will destroy the polarization, but increase the po-
larization gradient, leading to a steady-state situation
determined by the average of many pulses. It is therefore
valid to use the average beam current i,.

The steady-state distribution of polarization in the tar-
get cell is described by the equation
= Kion 1y e_’z/”zP(r)—i

Dt ’ITa2 Dr

oP(r)
ar

19
r or

pP,,

(A36)

where we have used G,(P,—P,)=T',P,. The solution can
be determined numerically; however, it is instructive to
explore  the  situation by  iteration,  taking
P(r)=P,[1+f(r)] beginning with f(r)=0. Then we
find

r,r

—P, . A37
ap, b (437

P(r) _ Kion I

2,2
——[1—e " /a P —
ar D, 21rr[ ¢ 1P,
We use Eq. (A18) and integrate by parts to find
P=P(a)——5 [0 iy (A38)

Substituting Eq. (A37) into the integral, we have

g 2 -
P(A)=P, [14+—2L | L (o= 4%a’ 1)+
(A4)=P, 4D, Az(e )
r,A2
Y P, (A39)
t
and with ¢ =0.05 cm and 4 =1 cm we can write
kionib I-\tAz
~ +— A40
P(A)=P, (1 4D, 8D, ( )

This estimated value can be used along with numerical
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FIG. 11. The calculated radial distribution of target polariza-
tion [P(r)—P(A4)] and its first derivative for a 10 A electron

beam, and the target parameters used at Bates. For further de-
tails, see the description following Eq. (68).

integration of Eq. (A37) to determined a first iteration of
P(r). In Fig. 11 we show this first iteration of dP(r)/dr
and P(r)—P(A) for the target configuration used at
Bates assuming a 10 uA electron beam, P,=40% and a
total relaxation rate of [',=1/(15 h). The small dip of
target polarization (about 2 X 1079) near the center of the
target is due to the beam, and the drop near the wall is
due to wall relaxation. The negligible dependence of
target-cell polarization on position justifies our use of the
averages P, and T,. We therefore write the rate equation
for the target cell as

P,

dt

where

=G,(P,—P,)—T,P,, (A41)

I,=T,+Tz+T, . (A42)

3. Target cell rate equations and transfer time
calculation

Equations (A14) and (A41) are a set of coupled equa-
tions. The solutions to these coupled differential equa-
tions give the time dependence of the *He polarization in
the target cell in terms of the Rb polarization Py, for the
steady-state (#— o) polarization in the target cell. In
our current design, the transfer rates Gp and G, are about
1/(10 min), much larger than the rates ' and ygg. Thus
we neglect terms of order yggT" to find

P(t—o0)=P,(t—x)
ankSEnp Vp
* ngoksgn, V, +T,n,V,+T,n,V,
(A43)

=P

This agrees with the expression given in Eq. (7), which is
based on the same assumption that the >He polarization
transfer rates are much greater than spin exchange and
relaxation rates.

The expected rate for polarization transfer measured in
the tests described in Sec. V is found by combining Eq.
(A14) and (A41). Neglecting yg¢ and T relative to G,
and G,.

2 (P,~P)=—(G,+G, B, ~P,) . (Ad4)
The solution for P,—P, with initial condition
P,(0)—P,(0)is

P,()—P(D=[P,(0)—P,(0)]e ‘P " (a45)
Combining this with Eq. (A41) yields

dP, —(G,+G,)

d—t‘=G,[Pp(0)—P,(0)]e PO (A46)
which has the solution

- t _ _ —(GP+G,)I
P,(1) _—GP+G, [P,(0)—P,(0)](1—e ). (A47)

The rate for polarization transfer is therefore G, +G,.
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FIG. 1. A schematic illustration of the two-cell target. The
upper cell is the pumping volume (V) and the lower cell is the
target volume (¥,). The Rb is confined to the upper cell by a
thermal gradient along the transfer tube.
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FIG. 4. Schematic of the NMR *He polarimeter. Pickup coils can monitor the polarization in both the pumping cell and target
cell, though during electron bombardment, only the pumping cell polarization is monitored. The control computer sweeps the B,
field through the resonance of the *He with the applied rf B, field. The magnetization precessing about By at the Larmor frequency
induces a voltage in the pickup coil which is detected by the lock-in amplifiers. The computer records the NMR signal vs B,



