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We report a systematic study of optical pumping of *He nuclei by metastability exchange using an
arc-lamp-pumped neodymium-doped lanthanum magnesium hexaluminate (Nd:LMA) laser. The laser
produces 6 W at 1083 nm in a 1.5-GHz bandwidth and yields a substantial improvement in attainable
nuclear polarization and pumping rates. Spin-polarized *He has applications in several fields of physics;
the focus in this article is on targets for nuclear physics, which require high pumping rates to maintain
the highest polarization. We have studied the influence of the *He pressure, pumping transition,
discharge intensity and frequency, cell size and shape, and laser power on both the polarization and
pumping rate. Under ideal conditions, we obtain 85% nuclear polarization. With pumping rates of 10'8
(10'°) atoms/s, 82% (50%) polarization is obtained. We have found a pressure-dependent saturation of
the increase in pumping rate with laser power. Based on our results, we discuss projections for the per-

formance of both internal and external targets.

PACS number(s): 32.80.Bx, 29.25.Pj, 42.55.Rz

I. INTRODUCTION

The metastability exchange technique for spin-
polarizing 3He nuclei was demonstrated by Colegrove,
Schearer, and Walters [1] nearly thirty years ago. How-
ever, the invention and continuing improvement of laser
sources have increased the optical-pumping efficiency
substantially [2—5]. We have obtained further improve-
ments in the attainable polarization and pumping rate
utilizing the recent developments in arc-lamp-pumped
Nd:LMA lasers [6-9]. (Nd:LMA stands for
neodymium-doped lanthanum magnesium hexaluminate
and is also referred to as Nd:LNA, or just LNA.) The
pumping rate, i.e., the rate at which *He nuclei can be po-
larized, is particularly important for the construction and
optimization of targets for nuclear physics. In such tar-
gets, the highest polarization can only be maintained if
the pumping rate is much higher than the relaxation rate
in the target. Hence the focus of this article is on obtain-
ing high polarization with high pumping rates. We have
studied the influence of the 3He pressure, pumping transi-
tion, discharge intensity and frequency, cell size and
shape, and laser power, and the interaction of these pa-
rameters. The results constitute a large body of informa-
tion that should be useful in any application of polarized
*He nuclei.

Spin-polarized *He has applications in many areas of
physics [9], including quantum statistics, polarized epi-
thermal neutron beams [10], and polarized targets for nu-
clear physics experiments. In nuclear physics, polarized
He targets are interesting because the spin-dependent
properties of the polarized *He nucleus are dominated by
the neutron in the nucleus. Goals of current experiments
using spin-polarized 3He nuclei include measuring the
electric and magnetic form factors of the neutron
[11-13] and spin-dependent structure functions of the
neutron [14]. The targets fall into two categories: exter-
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nal targets, which are closed systems, and internal tar-
gets, in which polarized gas is pumped away after exiting
an open-ended target cell. An external polarized *He tar-
get constructed in our laboratory has recently been used
successfully to study the quasielastic scattering of polar-
ized electrons from polarized *He [11-13]. We have pro-
posed future experiments at the Bates and Continuous
Electron Beam Accelerator Facility (CEBAF) accelera-
tors using targets of this type [15,16]. Eckert et al. [17]
and Otten [18] have recently developed an external target
utilizing compression to increase the density of the polar-
ized gas. Internal targets are operated within storage
rings to take advantage of the high luminosity available
in these machines and to avoid scattering from the win-
dows required in external targets. Recently, an internal
polarized *He target [19,20] has been employed at the In-
diana University Cyclotron Facility.

In both external and internal targets, the polarization
must be maintained in the presence of significant relaxa-
tion mechanisms (~10!7 atoms/s). For example, in an
internal target the gas must be polarized faster than the
flow rate out of the target cell. In external targets there
is relaxation on the target walls and due to the particle
beam. We have obtained pumping rates of 2 10'® polar-
ized atoms/s, which will allow the operation of polarized
3He targets with minimal depletion of the polarization
due to relaxation mechanisms. Based on these results, we
present projections for the performance of both external
and internal targets.

Because of the high photon energy (21 eV) required to
reach the first excited state in *He, direct optical pump-
ing, as done in alkali metals, is not practical with current
laser technology. Instead an indirect approach is taken
in which metastable *He atoms are polarized, and the po-
larization is transferred to the ground-state atoms in me-
tastability exchange collisions. Metastable 23S, atoms
are produced by an electrodeless rf discharge in a glass
cell filled to a pressure of ~1 torr of pure *He. The
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metastables are optically pumped using the 23S, —2°P,
transition at 1083 nm, and the resultant electronic polar-
ization is partially transferred to the nuclei by the
hyperfine interaction. In a metastability exchange col-
lision, the incoming metastable atom transfers its atomic
excitation to the incoming ground-state atom, leaving the
outgoing ground-state atom with the partially polarized
nucleus.

The indirect nature of the optical pumping of *He nu-
clei is rather complex to analyze in detail [21]. In addi-
tion, we do not have a detailed knowledge of the complex
discharge environment. A number of interacting param-
eters affect the achievable polarization and pumping rate.
In view of the obstacles to a full theoretical understand-
ing over a wide range of conditions, we have taken the
pragmatic approach of studying directly the quantities of
greatest interest: the polarization and the pumping rate.
In addition, we characterize the conditions of our mea-
surements using easily measurable quantities that should
be reproducible by others in the field.

In Sec. II we review the apparatus for optical pumping
of *He, focusing on the Nd:LMA laser. In Sec. III we
present results and systematics of optical pumping of >He
with such a laser. Projections for targets are discussed in
Sec. IV and we conclude the paper in Sec. V.

II. APPARATUS

A. Overview

A schematic diagram of the apparatus is shown in Fig.
1. Since we present results obtained by optical pumping
of sealed cells only, the apparatus is rather simple. A cy-
lindrical Pyrex 3He cell is located at the center of an 80-
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FIG. 1. Schematic diagram of the apparatus (not to scale).
Laser elements: M, fully reflecting end mirror; El,
temperature-controlled 0.3-mm étalon; K, Kr arc lamp; N,
Nd:LMA rod; E2, temperature-controlled 1.0-mm étalon; C,
99.0% reflecting output coupler. The solid line enclosing the
lamp and rod shows the extent of the 28-cm-long laser head.
(Within the dotted line surrounding the laser elements the draw-
ing is roughly to scale along the optic axis.) Other elements:
CP, circular polarizer, consisting of B, polarizing beamsplitter
cube and Q, quarter-wave plate; L, weak diverging lens; H,
Helmholtz coil; F, filter; R, retroreflector. The observation an-
gle of the polarimeter with respect to the quantization axis has
been exaggerated for clarity; the actual angle is 7°.
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cm-diameter Helmholtz coil (H), which provides a uni-
form magnetic field of 1.2 mT. A rf high voltage applied
to two or four electrodes on the outside of the cell gen-
erates a weak electrical discharge in the *He gas. The cir-
cularly polarized laser light travels parallel to the mag-
netic field axis, hereafter referred to as the quantization
axis. We determine the *He polarization by measuring
the degree of circular polarization of the 668-nm
(3'D,—2'P,) light emitted from the discharge [22,23].

If the discharge is turned off, the dominant relaxation
mechanism is due to gradients in the magnetic field. Gra-
dients in magnetic field components transverse to the
quantization axis relax the polarization because the mov-
ing atoms experience a randomly fluctuating magnetic
field direction [24]. The gradients in our system resulted
in relaxation times of 3500—-6000 s for cells with pressure
% 0.5 torr. Since the relaxation time with the discharge
on was between 10 and 1000 s, the relaxation time was
dominated by the discharge. Although for lower pres-
sures the relaxation time from gradients was as low as
1200 s, the relaxation time due to the discharge was al-
ways shorter than 250 s at these pressures.

B. The arc-lamp-pumped Nd:LMA laser

Although the arc-lamp-pumped Nd:LMA laser has
been described elsewhere [6-9], we discuss the design and
our own experience for completeness. The arc-lamp-
pumped Nd:LMA laser has several properties that yield
efficient optical pumping: high power (6 W), a linewidth
well matched to the 2-GHz Doppler bandwidth of the
SHe gas, several longitudinal modes within this band-
width, and good spectral overlap with the optical-
pumping transition. In addition, the laser is simple to
construct and easy to operate. No previous laser used for
optical pumping of *He can claim all of these virtues. We
use a Laser Applications Model 9560 cw Nd:YAG
(where YAG denotes yttrium aluminum garnet) laser
with some minor modifications: a Nd:LMA rod
antireflection coated at 1083 nm replaces the Nd:YAG
rod and two étalons are added to the laser cavity for tun-
ing and bandwidth reduction. The configuration is very
similar to that of Leduc [6,9]. The laser can be tuned by
tilting the étalons or by varying their temperatures.

The most notable idiosyncracy of this laser is the
lamp-current-dependent thermal lensing exhibited by the
Nd:LMA crystal, which is caused by heating of the rod
by the intense light from the arc lamp. Because the out-
side surfaces of the rod are water cooled a temperature
gradient develops in the rod, which results in a gradient
in the index of refraction. The rod acts like a converging
lens with a focal length that shortens as the lamp current
is increased. If the lamp power is sufficiently high to
cause a focus within the laser cavity, the laser power
drops and the user risks the crystal’s demise from
thermal stress. Before this disaster occurs, there are
warning signs: the beam shape of the laser begins to
deteriorate, the laser requires realignment to maximize
the power, and the increase of the laser power with lamp
current saturates. To alleviate the effects of thermal lens-
ing, we use a short cavity and rod ends with concave
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(R =45 or 60 cm) curvature. The cavity is 36 cm long,
but 28 cm is occupied by the commercial laser head that
houses the rod and lamp. We have also operated the

laser with flat ends, but obtain a more uniform spatial

profile of the beam at high power using curved ends. The
better beam shape facilitates uniform coverage of the 3He
cell, minimizes saturation of the pumping transition, and
empirically leads to more efficient optical pumping. For
a curvature of 60 (45) cm the threshold lamp power of the
laser is increased by a factor of 1.6 (2.0) above that ob-
tained with flat ends because at low lamp current the cur-
vature overcompensates the thermal lensing. As the
lamp current is increased the power output using curved
rods quickly reaches and ultimately surpasses the output
using flat ends. For 60- (45-) cm curvature, typical
operating parameters for the lamp power are 1.0 (1.2) kW
for the laser threshold and 1.8 kW (2.1 kW) for 6 W out-
put.

The 4-mm-diameter by 79-mm-long Nd:LMA rod (N),
grown along the a axis and doped with =15% Nd, was
purchased from Union Carbide. Because of the asym-
metry in the thermal conductivity along the b and c axes
[6], typically the beam shape is elliptical. The ellipiticity
increases with lamp current and seems to vary from rod
to rod. The recent development of rods grown along the
¢ axis [25] should have more cylindrically symmetric
thermal properties and hence less elliptical beam shapes.

The light is coupled out of one end of the laser using a
partially reflecting mirror (C). We have tested output
couplers with 98.2%, 99.0%, and 99.4% reflectivity and
find that the 99.0% coupler yields a factor of 2 (1.3)
higher output power than that obtained with 98.2%
(99.4%). We obtain the highest laser power with the mir-
rors located symmetrically about the Nd:LMA rod.

To tune the laser and reduce the linewidth, two un-
coated étalons, one 0.3 mm thick (E1) and the other 1.0
mm thick (E2), are added to the laser cavity. This
configuration yields a 1.5-GHz linewidth. Using two
étalons yields a narrower linewidth, higher pumping
rates, and more reliable operation than using a single
étalon. A single 0.3-mm étalon does not yield good reso-
lution of the 6.7-GHz hyperfine splitting in the 23S,
state. Although the linewidth is improved using a single
0.75- or 1.0-mm étalon, the pumping rates are still inferi-
or to those obtained with two étalons [26]. Since the free
spectral range at these thicknesses is smaller than the
fluorescence bandwidth of the laser, the root of the inferi-
or performance may be that two different wavelengths
are competing for gain.

Although the laser can be tuned by tilting the étalons,
this approach is not ideal. As an étalon is tilted away
from normal incidence, the reflected waves from the two
faces of the étalon interfere less efficiently, resulting in a
drop in power. In addition, the beam shape degrades
with increasing tilt angle. To eliminate this problem, we
have followed the approach of Larat [27] by positioning
the étalons near normal incidence and varying their tem-
peratures for tuning. This has an added advantage be-
cause the dominant source of frequency drift of the laser
is eliminated when the temperature of the étalons are sta-
bilized. The étalon heater is a homemade system consist-

ing of a copper block that surrounds the étalon, a resis-
tive wire heater, and a feedback circuit to regulate the
temperature. The heater is 2.5 cm long and rests on a
3.5-cm-diameter rotation stage (Ealing Electro-Optics
Model 37-0502), allowing the end mirrors of the laser to
be only 4 cm from the laser head.

To circularly polarize the laser light we use a linearly
polarizing beamsplitter cube (B) followed by a multiple-
order quartz quarter-wave plate (Q). These two com-
ponents are assembled as a unit (CP) which is also used
an an attenuator by rotating the unit around the propaga-
tion direction of the light. (This arrangement functions
as an attenuator because the light emerges from the laser
linearly polarized.) A small deviation from perfectly cir-
cularly polarized light can decrease the maximum obtain-
able polarization [17,27]. We measured the degree of cir-
cular polarization of the laser light to be 99.7% by
analyzing it with a second beamsplitter cube. Based on
the calculations of Larat [27], we might be able to im-
prove some of our polarization results slightly ( ~2%) by
using a higher degree of circular polarization, mainly
when the Cy pumping transition is used (the nomencla-
ture for the pumping transitions can be found in Sec. III).

For the 3.3-m distance from the laser to the cell
(chosen for convenience), the divergence of the beam is
not quite sufficient to illuminate the cell uniformly. For
cells of 4.7 (7.0) cm inside diameter (i.d.), we expand the
beam with a weak diverging lens (L) of focal length
—4000 (—1000) mm located 1.4 m from the cell. This
was adequate, but a parallel, expanded beam would be
preferable, especially for longer cells. For all the results
discussed in this paper (except results versus laser power)
the laser power P; incident on the cells was 4.5 W. This
required an actual output power of 5.5 W because of
losses from two mirrors (not shown in Fig. 1), the circular
polarizer assembly, and the uncoated lens.

For maximum optical-pumping efficiency it is desirable
to interact with the entire velocity profile of the metasta-
ble atoms. The number of velocity groups that interact
with the laser light is doubled by using a retroreflector
(R) after the cell. To avoid reflection of the 668-nm light
used for polarization measurement a filter (F) that ab-
sorbs this wavelength but transmits the laser light (CVI
Laser Corp. RG850 or Kodak Wratten 87B) is placed be-
fore the retroreflector.

C. Polarization measurement

For a system of spin-1 particles, the nuclear polariza-
tion is defined as

ny—n_

p

I

, 1)

ny+n_

where n, and n_ are the number densities for the two
eigenstates of the spin with respect to the quantization
axis. Because of the hyperfine interaction, the degree of
circular polarization of the 668-nm light emitted from the
discharge is proportional to the nuclear polarization.
When *He atoms are excited to the 3 'D, level by elec-
tron impact in the discharge, the nuclear spin is unper-
turbed. During the 15-ns lifetime of the 3 !D, state, the
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TABLE 1. Comparison of the calibrations of the optical
method for measuring nuclear polarization in *He. The calibra-
tion factor is the ratio of the nuclear polarization to the degree
of circular polarization of the 668-nm light. The nuclear polar-
izations reported in this paper were determined using the fitted
dependence of the calibration factor on pressure in Ref. [29].

Calibration factor

Pressure Ref. [29] Ref. [28]

0.10 5.67

0.20 6.41 7.3
0.30 6.75 7.5
0.49 7.31 8.0
0.78 7.98 8.7
1.0 8.41 9.3
2.0 10.01 11.6
2.9 11.42 13.8
4.9 14.98 17.8

nuclear polarization is mixed into electronic polarization
by the hyperfine interaction. As a result of this mixing,
the subsequent spontaneous emission shows some degree
of circular polarization which can be related to the nu-
clear polarization. However, some of the electronic po-
larization is lost due to collisions, hence this relationship
depends on pressure and requires calibration. In a series
of NMR measurements, we have recently improved the
long-standing calibration of this method [28]. In addi-
tion, we have carefully analyzed the systematics of the
optical method itself. A full description of these results is
reported in the following paper [29]. As we have incor-
porated this new calibration into the results reported in
this paper, in Table I we compare the new calibration of
Ref. [29] to the old calibration in Ref. [28]. In all cases
the new calibration yields lower polarization values.

III. OPTICAL-PUMPING RESULTS
AND SYSTEMATICS

In the following discussion, we consider the influence
and interaction of several parameters that are relevant to
optical pumping of *He. These include the *He pressure,
the intensity and frequency of the electrical discharge,
the pumping transition, the laser power, and the size and
shape of the *He cell. The most dramatic changes in the
pumping rate arise from increasing the discharge intensi-
ty, but at the expense of polarization. Higher discharge
levels increase the metastable density, hence the pumping
rate, but also generate more relaxation in the coupled
metastable—ground-state system. We have chosen to
characterize the discharge intensity by the relaxation
time 7, of the nuclear polarization. Although other pa-
rameters are certainly important, most notably the meta-
stable density, we chose the relaxation time because it is
easily measurable and reproducible. (As mentioned ear-
lier, the relaxation time is usually dominated by the
discharge, except for very long relaxation times, where
magnetic field gradients and ultimately surface charac-
teristics become relevant.)

The two transitions that are most useful for optical
pumping are the 23§, F=123%P; F=1 and

238, F=123P F= 4 transitions, conventionally la-
beled Cg and Cy, respectively. The frequency difference

between these transitions of 6.7 GHz is easily resolved by
the laser.

A. Polarization versus pressure

The dependence of the polarization on pressure is
shown in Fig. 2 for three discharge intensities. The
highest polarization observed is 84% at 0.8 torr. Until
the advent of the arc-lamp-pumped Nd:LMA laser, the
highest polarization that had been observed was 65% (us-
ing the new calibration data in Table 1.) Unfortunately,
the polarization declines with increasing pressure above
0.3 torr. For strong discharges the decline in the polar-
ization with pressure is steeper than for weak discharges.
Some data points are missing because it is difficult to
maintain very weak discharges at low pressure. Al-
though several ideas have been proposed for the decline
of polarization with increasing pressure, it is not under-
stood in detail.

B. Temporal behavior of the optical pumping

Before discussing our studies of the pumping rate, we
need to define this term more precisely. The simplest
differential equation to model the dynamics of the optical
pumping is

P(z)

P, —P(1)
dP(t) _ [Pm I @)

’
dt T, T,

where P(t) is the instantaneous polarization, P, is the

maximum polarization for 7,— o, and 7, and 7, are the
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FIG. 2. Nuclear polarization vs pressure for 4.7-cm-i.d. by
5.4-cm-long, 90-cm’® cells, shown for three discharge intensities.
The pumping transition and discharge frequency were chosen
for each combination of pressure and discharge intensity to
maximize the polarization, regardless of pumping rate. The
conditions are Cz for 0.1-1.0 torr, except Cy for 1.0 torr
(7,=20 s only); C,4 for 2-5 torr; v, =10 MHz for 0.1-0.3 torr,
1 MHz for 0.5 torr, 0.1 MHz for 1-5 torr; P, =4.5 W.
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pumping and relaxation time constants, respectively. If
7, and 7, are constant in time, the solution of Eq. (2) is a
simple exponential:

P(t)=Py[1—exp(—t/7)], (3)
where
Pm
Pozm (3a)

is the final polarization and

— Tp
T= ————-——————1+(Tp 7o) (3b)

is an effective pumping time constant. A detailed numer-
ical study of the dynamics of the optical pumping [27] re-
veals that T, 1 is not constant, but rather decreases as the
polarization rises, and that this decrease is nearly linear
in the regime of our interest. The results of a numerical
calculation of the variation of 7, ! with polarization are
shown in Fig. 3. The cause of the decrease in 7, !is the
decreasing absorption of the laser light as the metastable
population shifts to magnetic sublevels that no longer in-
teract with the light. To measure the dependence of 7, !
on polarization, we performed a simple experiment in our
NMR system. (See Ref. [29] for a description of this sys-
tem.) By inducing transitions between the two magnetic
sublevels of the ground state with a rf magnetic field at
the Larmor frequency, we shortened the relaxation time
constant without changing the discharge characteristics
that affect the pumping time constant. Using Eq. (3a), we
obtain
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FIG. 3. Variation of 7,(0)/7,(Py) with P; (see Sec. III B).
The solid circles are the values obtained from measurements of
P and 7, using the procedure described in the text. The data
were acquired with a 1.0-torr cell, P, =4 W (tuned to the C;
transition), 7,=226 s, and P,=0.770. The dotted line is a nu-
merical calculation [M. Leduc (private communication); similar
calculations can be found in Ref. [27]] for similar conditions
(0.8 torr, P, =3 W, and 7,=120s). The solid line is a linear ap-
proximation using the fitted value of m.

1

’
Tr

Po [\, 7P

Py

7, (Py)= 1+

Tr

1
—1’ , (4)

where 7,(Pg) [7,(Pg)] is the pumping time constant at
polarization Py (P,), Py (Py) is the maximum polariza-
tion with the rf on (off), and 7, (7, ) is the relaxation time
constant with the rf on (off). We measured 7, as a func-
tion of P,. Although P, and 7, were also measured, we
cannot explicitly evaluate 7, 1(P{) because 7,(Pg) is not
known. However, we can make a comparison to the nu-
merical calculations in Fig. 3 using a two-step approach.
First, we replace 7, 1(Py) in Eq. (4) by a linear approxi-
mation, given by

7, (Po)=1,0)+mP , @)

where m is the slope of the line and 7, 1(0) is the inter-
cept. Then we invert Eq. (4) to obtain 7, as a function of
P{. The data are fit with Tp_l(O), m, and 7,(P,) as adjust-
able parameters. Values for 7, (Py) are then determined
for each combination of 7, and P using the fitted value
of 7,(Py) in Eq. (4). In this way the fitting is performed
on the raw data and 7, I(Py) is evaluated from the results
of the fit. If m and T;I(Po) are normalized to 7,(0), we
obtain mt,(0)=0.94+0.19 and 7,(0)/7,(Py) =0.30
+0.08. Figure 3 shows the comparison between the
values of 7,(0)/7,(Py) and the numerical calculation.
The agreement is good. The linear approximation is also
shown for reference.

In Secs. III C-II1 E, we present studies of the pumping
rate for a variety of conditions. For such studies it is
convenient to have a single, easily measurable parameter
to describe the pumping rate, despite the behavior dis-
cussed above. A simple exponential fit [Eq. (3)] to a typi-
cal pumping curve is shown in Fig. 4. There is a sys-
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FIG. 4. Nuclear polarization vs time for a 0.3-torr, 7.0-cm-
i.d. by 15-cm-long, 600-cm® cell. The solid line is a fit to
P(t)=Py[1—exp(—t/7)]. The deviation of the data from the
fit is discussed in the text. The conditions are P, =4.5 W,
vy=10 MHz, and 7, =84 s.
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tematic deviation of the data from the fit that is con-
sistent with a pumping rate that declines with increasing
polarization, as described above. Nevertheless, the time
constant of the exponential is representative to the time
scale of the buildup of polarization. Hence for conveni-
ence we define the pumping rate to be R, =NP, /7, where
P, and 7 are the values extracted from a fit of the pump-
ing curve to Eq. (3) and N is the number of atoms in the
cell . (We took the precaution of fitting the data over the
same range, typically at least ten times longer than the
pumping time constant.) However, in Sec. IV, where the
absolute value of the pumping rate at the polarization
maintained in the target is relevant, the effect shown in
Fig. 3 is taken into account.

C. Effects of pumping transition
and discharge characteristics

We have chosen three pressures for more detailed re-
sults: 0.3, 1.0, and 2.0 torr. Changes occur in the
optical-pumping characteristics over this range and as we
will discuss later, these pressures are relevant for targets.
Each cell for these three pressures is 7.0 cm i.d. by 15 cm
long, yielding a volume of 600 cm®. For each pressure we
display the dependence of the polarization and the pump-
ing rate on the discharge intensity. In addition, we com-
bine this information into a single plot of polarization
versus pumping rate. These plots succinctly summarize
the results most relevant to target design.

We investigated the effect of the discharge frequency
vy in the range 0.1-20 MHz and found that the choice of
frequency has a significant effect on both the polarization
and the pumping rate. While for a given discharge inten-
sity, higher discharge frequency almost always yields a
higher pumping rate, the effect on the polarization de-
pends on the pressure. We display data for v;=0.1, 1,
and 10 MHz—little change in either polarization or
pumping rate was observed for discharge frequencies
above 5—-10 MHz. We do not show all frequencies for all
pressures because the lower frequencies only show com-
parable or superior performance at the higher pressures.
Although exactly how the choice of frequency affects the
discharge is not understood, it is reasonable to assume
that higher metastable densities result from higher
discharge frequencies.

1. Results at 0.3 torr

At 0.3 torr the best polarization and pumping rate are
obtained by using the highest discharge frequency. Fig-
ure 5 shows the dependence of the polarization and the
pumping rate on the discharge intensity for v, =10 MHz.
As the discharge intensity is increased, a dramatic im-
provement in the pumping rate is obtained with some de-
cline in the polarization. Higher polarization is obtained
using the Cjg transition, while higher pumping rate is ob-
tained using the C, transition. At this pressure, the long-
est relaxation time corresponds to the weakest discharge
that could be maintained in the cell. We arbitrarily did
not go shorter than a relaxation time of ~10s.

The data in Fig. 5 are combined into a single plot of
polarization versus pumping rate, shown in Fig. 6. For

the weakest discharge (7, =230 s) and pumping on the Cjg
transition we obtained 85% polarization with a pumping
rate of 4 X 10'7 atoms/s, while for the strongest discharge
tested (7, =14 s) and pumping on the Cq transition, 67%
polarization with a pumping rate of 4.7X10!® atoms/s
was obtained.

2. Results at 1.0 torr

Figures 7 and 8 show similar plots for a pressure of 1.0
torr. Here we have added data taken with a discharge
frequency of 1 MHz. For a given discharge intensity the
polarization obtained using v; =10 MHz is lower than
that obtained at 1 MHz, but the pumping rate is higher.
The plot of polarization versus pumping rate reveals that
the 10 MHz is the better overall choice, except perhaps at
the lowest pumping rates. However, the ability to main-
tain a weak discharge depends on the pressure and the
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FIG. 5. Nuclear polarization (a) and pumping rate (b) vs
discharge intensity for a 0.3-torr, 7.0-cm-i.d. by 15-cm-long,
600-cm? cell and P, =4.5 W.
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FIG. 6. Data from Fig. 5 combined into a plot showing nu-
clear polarization vs pumping rate for a 0.3-torr, 600-cm? cell.

cell geometry and is often more difficult at higher fre-
quencies. Hence, for a different size cell, it may be im-
possible to obtain the highest polarizations using 10 MHz
simply because the discharge will extinguish before it can
be made weak enough.

The dependence on the pumping transition is similar to
that at 0.3 torr, except that at high discharge intensities
the C, transition yields higher polarization. For the
weakest discharge (7, =900 s) tested and pumping on the
C; transition we obtained 78% polarization with a pump-
ing rate of 8X10!7 atoms/s, while for the strongest
discharge tested (7, =15 s) and pumping on the C, transi-
tion, 45% polarization with a pumping rate of 9Xx10'®
atoms/s was obtained.

3. Results at 2.0 torr

Figures 9 and 10 show data obtained at 2.0 torr. At
this pressure, pumping on the Cy transition always yields
higher polarization and pumping rate than for the Cg,
hence to present uncluttered graphs we do not show re-
sults using C3. The C, transition may yield superior per-
formance because for this transition, the optical-pumping
efficiency is least sensitive to mixing among the magnetic
sublevels in the 2 3P state [21]. (This mixing increases at
higher pressure.)

At 2.0 torr we obtain the highest polarization with a
discharge frequency of 0.1 MHz, although it is only mar-
ginally better than that obtained with 1 MHz. From Fig.
10 we see that 1 MHz is preferable for low pumping
rates, while 10 MHz is preferable at high pumping rates.
Although low discharge levels could not be tested using
10 MHz because the discharge extinguished, the trend of
the data suggested that 1 MHz would still be the prefer-
able choice. A discharge frequency of 0.1 MHz is only
desirable for the lowest pumping rates.

For the weakest discharge (7,=900 s) we obtained
57% polarization with a pumping rate of 1.1X10'
atoms/s, while for the strongest discharge (7,=15s) 33%

polarization with a pumping rate of 8.0X10'® atoms/s
was obtained.

4. Summary of effects of pumping transition
and discharge characteristics

Although specific conclusions depend on the size of the
cell, laser power, etc., we can make some general observa-
tions: If we consider both pumping transitions, Cy and
C,, increasing the discharge intensity yields an order-of-
magnitude improvement in the pumping rate, but accom-
panied by a 20% loss in polarization at 0.3 torr and a
40% loss at 1 or 2 torr. For low pressures and weak
discharges, the C; transition is preferable, while for high
pressures and strong discharges, C, is preferable.

The discharge frequency has a significant effect on the
optical-pumping efficiency. At low pressure ( $1 torr) or
for strong discharges at any pressure, a high discharge
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FIG. 7. Nuclear polarization (a) and pumping rate (b) vs
discharge intensity for a 1.0-torr, 7.0-cm-i.d. by 15-cm-long,
600-cm® cell and P, =4.5 W.
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frequency yields the highest polarization for a given
pumping rate. For higher pressures and weak discharges,
lower discharge frequencies yield comparable or superior
performance. In some cases this may be simply because a
weaker discharge can be maintained at lower frequencies.

D. Polarization and pumping rate versus laser intensity

Figure 11 shows the dependence of the polarization on
laser power for a 0.3-torr, 7.0-cm-i.d. cell. In the regime
of laser power now available the curve shows an extreme-
ly saturated form. For a numerical analysis of this form,
we refer the reader to Ref. [21]. Similar plots are ob-
tained at 1 and 2 torr.

Figure 12 shows the dependence of the pumping rate
on laser power for 4.7-cm-i.d., 90-cm? cells at pressures of
0.3, 0.8, 3.0, and 5.0 torr. Each curve has been fit to the
form

R=— 0 (5)

1+(S/P,)

where P; is the laser power, and R and S are adjustable
parameters. To allow comparison of the shape of the
curves, R /R is plotted on the y axis. This simple satu-
ration expression fits the data well and allows the extrac-
tion of a saturation parameter S. (However, we do not
have a rigorous justification for this form.) The depen-
dence of S on pressure for both the Cg and C, transitions
is shown in Fig. 13. For these small cells and weak
discharges, the absorption of the laser light in the cell is
minimal, hence the intensity is fairly uniform throughout
the cell. A detailed analysis of the dynamics of the
optical-pumping process would be required to fully un-
derstand the data in Fig. 13. Such an analysis would con-
sider the absorption of the multimode laser, including the
effects of collision and power broadening and the spatial
and spectral characteristics of the laser. We have not
carried out such an analysis, but offer the following inter-
pretation for the general trends in these data. At low
laser power the absorption rate R, of pumping light by

‘the metastables, hence the pumping rate, increases linear-
ly with the laser power. We expect saturation of the
pumping rate when R, becomes comparable to the me-
tastability exchange rate R,. Since the metastability ex-
change rate increases linearly with the pressure, we ex-
pect that the saturation intensity would also increase
linearly with the pressure. For the data taken at pres-
sures at or below 1.0 torr, we observe a linear dependence
of S on the pressure, as shown in Fig. 13. (In addition, a
rough estimate of R, at the saturation intensity is compa-
rable to R,.) At pressure above about 2 torr, the metasta-
bility exchange rate exceeds the spontaneous emission
rate (A =1X10" s~ !). In this case, we expect that satu-
ration will occur when the absorption rate is comparable
to the spontaneous emission rate. Thus at higher pres-
sure, .S should become independent of the pressure. We
do observe this trend in the data in Fig. 13, but the dip in
S at 3 torr is not understood.

0.60 T —

4 v,=0.1 MHz, Cqy

a] ud=1 MHz, C9

o v =10 MHz, C —
(a) d 9

0.30 - o
10 10 10°

relaxation time (sec)

0.55 -

e

o

o
I

polarization
=]
N
(9]
T

o

-

(=)
I

| 1 1 I S I 1

—
[}

L R B B N T T T

- & v,=0.1 MHz, Cy

B 0 v,=1 MHz, C, N

o v =10 MHz, C9

d
d

\

LT

0 . 1 1 1 2 s

10 10 10
relaxation time (sec)

pumping rate (10® atoms/sec)
™MW R O N ® ©
I

Ll . L
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We can compare the slopes of the linear fits of S versus
pressure for the two pumping transitions. The ratio of
slopes for the two transitions should be given by the re-
ciprocal of the ratio of their respective oscillator
strengths. However, a precise comparison is difficult be-
cause the C, transition has two relevant oscillator
strengths a@ and b, corresponding to the 23S, F =3,
mp=—3523P F=1, mp=—1 and 2°S,F=3,
mp=—123P F=1 mp=1 transitions, respectively.
The relative weighting of the two oscillator strengths de-
pends on the relative populations of the my=—32 and
— 1 sublevels of the 2 38, state and hence on the polariza-
tion. For a rough estimate we choose half the maximum

polarization and use the population distribution obtained
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FIG. 11. Nuclear polarization vs laser power for a 0.3-torr,
7.0-cm-i.d. by 15-cm-long, 600-cm® cell. The beam area was
~26 cm?. The line is drawn to guide the eye. The conditions
are laser tuned to Cg, v, =10 MHz, and 7, =39 s.
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FIG. 12. R/R, (see Sec. III D) vs P; for four pressures, ob-
tained with 4.7-cm-i.d., by 5.4-cm-long, 90-cm® cells. The lines
are fits of the data to the form discussed in the text. The condi-
tions are laser tuned to Cg, v, =1 MHz, and 7, =300-350 s, ex-
cept for 0.3 torr, where 7,=90 s.

from spin temperature equilibrium [1,17,30]. If we define
the oscillator strength for the Cy transition to be unity,
then the average oscillator strength for the C, transition
and hence the ratio of slopes r is given by

_ M(Cg)  1—p 1+(Py/2)
M(Cy) 2 1—(Py/2)

where M (Cg) and M (C,) are the slopes for Cg and C,,
respectively, P, is the maximum polarization, a =0.96,
and b =0.32 (Ref. [21]). For the C, data in Fig. 13 be-
tween 0.3 and 1.0 torr, P, is typically 0.75. This yields a
ratio of slopes of » =0.52, which is consistent with the
observed ratio of 0.55.
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FIG. 13. The saturation parameter S vs pressure, obtained
from the fits shown in Fig. 12. The saturation parameter S and
its dependence on pressure are discussed in the text.
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E. Pumping rate versus cell size

To compare the pumping rate for different size cells
one must choose which optical-pumping parameter to
keep constant. Maintaining our pragmatic orientation,
we compare pumping rates for the same polarization
(£1%) over the ranges shown in Figs. 6, 8, and 10. This
is the most relevant approach, but also conservative be-
cause we observed that smaller cells could tolerate short-
er relaxation times (hence, higher pumping rates) for the
same polarization. We chose the discharge frequency
and pumping transition that yielded the highest pumping
rate for a given polarization.

We compare pumping rates for three different size cells
with the following dimensions: 90 (4.7 cm i.d. by 5.4 cm
long), 300 (4.7 cm i.d. by 17 cm long), and 600 cm? (7. 0
cm i.d. by 15 cm long). To test significantly larger cells
would require an improved Helmholtz coil system in or-
der to reduce relaxation from magnetic field gradients.
In addition, as space constraints are often an issue for ex-
periments at accelerators, we were interested in testing
relatively small cells. For the 4.7-cm-i.d. cells the laser
beam area was 12 cm?, while for the 7.0-cm-i.d. cells it
was 26 cm?. In principle, comparing the 90- and 300-cm?
cells, which differ only in their length, would isolate the
effect of greater absorption of laser light, while compar-
ing the 300- and 600-cm® cells, which differ mainly in
their diameter, would isolate the effect of reduced satura-
tion of the pumping transition (Sec. III D). However, be-
cause the size of the cell affects considerations such as the
metastable lifetime, discharge characteristics, radiation
trapping, etc., this may be at best a first-order analysis.

At 0.3 torr the ratios of the pumping rate were 1:3.6:4
for the three cells, increasing in volume. The pumping
rate ratio for the 300-cm® cell as compared to the 90-cm®
cell is actually somewhat larger than the increase in
volume.

At 1.0 torr the ratios were 1:1.6-2.7:2.0, where the 1.6
and 2.7 correspond to weak and strong discharges, re-
spectively. The improvement with cell size is roughly
half that obtained at 0.3 torr. The 600-cm?® cell is prefer-
able for weak discharges, while the 300-cm? cell is prefer-
able for strong discharges. For example, a pumping rate
of 1.0X 10" (7X10'®) atoms/s with 50% polarization
was obtained using the 300- (600-) cm® cell.

At 2.0 torr the ratios were 1:1.6-2.3:2.4-1.7, once
again showing results for weak and strong discharges, re-
spectively. Except for a difference in the behavior of the
600-cm? cell with respect to the discharge intensity, the
results are similar to that obtained at 1.0 torr.

The results are provided mainly as documentation of
our measurements. However, we make the following
general observations: While the increase in the pumping
rate was proportional to the cell length (or even a little
better) at 0.3 torr, this is not generally the case at 1.0 and
2.0 torr. Possible reasons for the superior performance at
0.3 torr are weak absorption of the pumping light, insen-
sitivity of the pumping rate to decreased laser intensity
from whatever absorption is present (Sec. III D), and low
sensitivity of the polarization to the discharge intensity.
Measurements of the absorption and the metastable den-

sity would facilitate confirmation of these hypotheses.
Although saturation is most relevant at low pressure (Sec.
III D), only a small improvement was obtained at 0.3 torr
by increasing the cell diameter.

IV. PROJECTIONS FOR TARGETS

In this section, we discuss what polarization we can ex-
pect to achieve in targets based on the results of Sec. III.
Such projections are useful because comparison to actual
target results can reveal experimental problems such as
impurities in the He gas.

The ideal conditions for the operation of internal and
external targets are different. The most significant prob-
lem in the construction of dense external targets of polar-
ized *He gas using the metastability exchange technique
is that the optical pumping is efficient only for *He pres-
sures of ~1 torr. In the Caltech target [13,19] this prob-
lem is addressed using a double cell system, in which the
target cell is cooled to increase the 3He density, while the
optical pumping occurs in a room-temperature pumping
cell. As the achievable density is limited by the minimum
temperature that can be reached it is desirable to polarize
at the highest pressure possible. Since the polarization
declines with increasing pressure, a reasonable tradeoff of
density and polarization is that pressure that maximizes
the figure of merit P2n, where P is the polarization and n
is the target density. Although maximizing this figure of
merit yields the minimum beam time to achieve a given
statistical accuracy, the optimum choice will also depend
upon the anticipated systematic errors and background
levels. The figure of merit exhibits a broad maximum
centered somewhat above 2 torr.

The internal target approach bypasses this density is-
sue by trading density for average beam current to in-
crease the luminosity of the target. Since the pressure in
the target cell is much lower than in the pumping cell and
is determined by the flow rate, we may choose whatever
pumping cell pressure yields the best polarization for a
given flow rate.

Using the data from 300-cm® cells shown in Figs. 6, 8,
and 10 we now make projections for both internal targets
and the external double cell cryogenic target. For the
internal target the equilibrium polarization P is deter-
mined by setting the time derivative of NP to zero, where
N is the number of atoms in the pumping cell and P is the
polarization:

d dP dN

dar (NP)=N ar +P i 0. (7)
From Eq. (3), dP /dt =(P,—P)/7(P), where P, is the po-
larization obtained in a sealed cell. We have replaced 7
by 7(P) to allow for the dependence of the pumping rate
on the polarization discussed in Sec. IIIB. Defining
R,(P)=NP,/7(P) and R, =dN /dt, where R is the flow
rate, we obtain

_ Py
~ 1+[RPy/R,(P)]’

P (8)

where Py, is the polarization in a sealed cell. For a given
flow rate, Eq. (8) can be used to evaluate the equilibrium
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polarization for any combination of the sealed cell pa-
rameters Py and R,(P). However, we need to evaluate
the effective pumping rate R,(P), which is the pumping
rate evaluated at the polarization P that will be main-
tained in the target, rather than the pumping rate R, that
is obtained from a fit to Eq. (3) (see Sec. III B). Typically
the effect on the projections of using R,(P) rather than
R, is small (10%), so we make some simplifying approxi-
mations in the evaluation of RP(P). First, we use the
linear approximation of 7, 1(P) shown in Fig. 3 for all
our results, regardless of pressure and other conditions.
We also set 'r_l(P)='rp_ I(P) because typically T, KT,
[see Eq. (3b)]. Second, because P=~P,, we use Rp(PO)
rather than R,(P), which yields a slightly conservative
projection for P. Third, we set RP(P=0)ERP, which
slightly underestimates R,(P=0) and hence is also
slightly conservative. With those approximations, R,(P)
is given by

R,(Py)=R,(1—0.94P,) . ©)

The current design flow rate for internal targets [14] is
R,;=1X10"" atoms/s. From the 0.3- (1.0-) torr data we
obtain a maximum projected polarization of P=67%
(60%) for this flow rate, but under very different
discharge conditions. At 0.3 torr, a strong discharge
(1,=25 s) is required to obtain a sufficient pumping rate
(R1,=2.2X1018 atoms/s using Cj), but the polarization
remains fairly high (P,=75%) at this high discharge in-
tensity. At 1.0 torr a sufficient pumping rate is obtained
with a weak discharge (r,=900 s, R,=~ 1.5x 108
atoms/s, and P,=68%), but any attempt at further im-
provement is thwarted by the rapid decrease in the polar-
ization with increasing discharge intensity. Pressures of
0.3-0.5 torr may be the best regime for further improve-
ments because of the relative insensitivity of the polariza-
tion to the discharge intensity and the rapid gain in the
pumping rate with increasing cell size. In addition,
operation at relatively short relaxation times may yield a
system that is less sensitive to magnetic field gradients.

As the external cryogenic target has been described in
detail elsewhere [13,19], we only consider aspects of this
target that are important for a projection of the achiev-
able polarization. The target consists of a Pyrex pumping
cell, wherein the optical pumping occurs, connected by a
transfer tube to a copper target cell. The target cell po-
larization P, can be related to the pumping cell polariza-
tion P, by solving the differential equations governing the
diffusive transfer of polarized atoms between the two cells
[5,13]. The relationship depends only on the average
residence time in the target cell, ¢,, and the relaxation
time 7, in the target cell:

P
_‘:_L__ . (10)
P, 1+t /7,)

The pumping cell polarization can be related to the polar-
ization achievable in a sealed cell by the following expres-
sion [13]:

Py

Pp= 1+[P,R,/P,R,(P)] ’ b

where P, is the achievable polarization in a sealed cell,
R,=N,P,/7,, and N, is the number of atoms in the tar-
get cell. This form is convenient because the ratio P, /P,
is independent of the sealed cell parameters P, and
R,(P).

To project a target polarization based on our sealed
cell data, we need values for the residence time ¢,, the
number of atoms in the target cell, N,, and the target re-
laxation time 7,. For the Caltech target, t,=70 s and
N,=1.0X10% atoms (pressure of 2 torr at 15 K, target
volume of 80 cm?®). The target relaxation time is ob-
tained from measurements obtained during the recent ex-
periment at the Bates linear accelerator and in an earlier
test run [13]. Depolarization caused by wall collisions
and the electron beam [13,31-33] are the major sources
of relaxation in the target cell. The relaxation time with
no beam depends upon the condition of the coating of
frozen nitrogen on the target walls. The relaxation rate
from the beam increases roughly linearly with the beam
current. We consider two limits for our projection:
7,=2000 s, corresponding to the best wall coating and
zero beam current, and 7, =400 s, the shortest relaxation
time observed with a beam current of 40 pA. For
7,=2000 (400) s we obtain R,=0.5(2.5)X10'7P,
atoms/s and P,/P,=0.97 (0.85). Using the 2-torr data
and 7,=2000 s, we project P,=0.54 and P,=0.52
(P;=0.57, R,=1.8X10"® atoms/s). For 7,=400 s, we
project P,=0.49 and P,=0.42 (Py,=0.55,
Rp=2.0><1018 atoms/s). The ratio P,/P, could be im-
proved by increasing the diameter of the transfer tube,
which will decrease t,. Hence we expect at least
42-52 % polarization in the target cell, at a density of
1.3 X 10'® atoms/cm?.

V. CONCLUSION

In conclusion, the arc-lamp-pumped Nd:LMA laser
has substantially improved the efficiency of optical pump-
ing of *He by metastabilty exchange. We obtain 6 W of
laser light at 1083 nm with a 1.5-GHz bandwidth. Under
ideal conditions we have observed 85% polarization of
SHe nuclei. With pumping rates of 10'® atoms/s, we ob-
tain 82% polarization, and at 10" atoms/s, nearly 50%
can be maintained.

We have measured the dependence of the effective
pumping rate versus polarization that has been calculated
by Larat [27]. Our studies show that the choice of fre-
quency for the electrical discharge in the *He cell has a
significant effect on the optical-pumping efficiency. We
have also observed a pressure-dependent saturation of the
increase of pumping rate with laser power.

The results of sealed cell data have been used to project
performance for targets for nuclear physics experiments.
Based on our data, we project that for the current inter-
nal target design flow rate of 1X10'7 atoms/s, 67% po-
larization should be achievable, and future improvements
are possible. For the Caltech double cell cryogenic tar-
get, we project at least 42% target polarization with a
density of 1.3X10'® atoms/cm? for an electron beam
current of 40 uA. This projected polarization is nearly a
factor of 2 higher than was obtained in the first experi-
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ment [11-13] using this target. The target is currently
being tested using the developments discussed in this pa-
per.
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