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The electron polarization of hydrogen (H) and deuterium (D) atoms in a spin-exchange optical-
pumping apparatus has been measured as a function of H (D) density and magnetic-field strength. The
atomic density was varied between 4X 10" and 2.6 X 10'* atoms/cm® and the magnetic-field strength
from 120 to 400 mT. The results suggest that the atoms approach spin-temperature equilibrium even
though the magnetic fields are large compared to the critical fields of the atoms.

PACS number(s): 32.80.Bx, 29.25.Pj, 34.90.+q

I. INTRODUCTION

It has been proposed that spin-exchange optical pump-
ing in a high magnetic field can yield polarized nuclei at
high number densities without the need for actively per-
forming radio frequency (rf) ground-state transitions [1].
Although high magnetic fields weaken the influence of
the hyperfine coupling between the nucleus and the elec-
tron in a hydrogen atom, a high spin-exchange collision
rate among hydrogen atoms is expected to increase the
total probability for a hyperfine interaction to occur
within a prescribed interaction period. In fact, it is be-
lieved that for sufficiently high hydrogen densities, atoms
approach spin-temperature equilibrium.

Recent progress in the development of an intense,
laser-driven source of spin-polarized H and D atoms [2]
allows a test of the idea that at high densities, nuclei can
become polarized despite a high magnetic field. To this
end, we have measured the electron polarization of H and
D atoms exiting a spin-exchange optical-pumping ap-
paratus as a function of H (D) density and magnetic field
strength. The H and D atoms provide an excellent test of
this feature of the spin-exchange process since the large
difference in the magnetic moments of the nuclei will give
very different rates of approach to spin-temperature equi-
librium.

In addition, spin-exchange optical pumping may prove
useful for a variety of experiments in nuclear and particle
physics. In particular, the use of dilute polarized gases as
polarized nuclear targets in particle storage rings [3] al-
lows for measurement of interesting spin-dependent phe-
nomena, such as the spin structure of hadrons [4] and nu-
clear form factors [5]. Experiments with polarized nu-
clear targets have been performed and proposed at a
number of storage ring facilities [6].

There is also strong interest in atomic physics for a
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dense, highly polarized gas of atoms. An electron-
polarized hydrogen target is useful for experiments in
atomic physics; for example, charge exchange in such a
target can be used to form hydrogenlike heavy ions for
study of parity violation [7]. Resonance experiments
with polarized heavy ions to meausre hyperfine structure
in few-electron systems can provide a stringent test of
atomic structure calculations [8]. In addition, the target
can be used for detailed studies of state-selective electron
capture [9].

Spin-exchange optical pumping is a process whereby
photon angular momentum is transferred to target nuclei
through spin-exchange collisions with polarized, inter-
mediate atoms (typically, alkali-metal atoms). The tech-
nique has long been known [10] and is reviewed in Ref.
[11]. High electron polarization of H atoms has been
demonstrated at low densities [12], however, earlier at-
tempts at high densities met with limited success because
of radiation trapping [13]. Recently, it was reported that
high deuterium polarization could be obtained by spin-
exchange optical pumping in a high magnetic field, there-
by minimizing the effects of radiation trapping [2].

We report data for the spin-exchange optical-pumping
process as a function of magnetic field and atomic densi-
ty. The magnetic field strength ranged from 120 to 400
mT and the density was between 4 X 10" and 2.6X 10"
atoms/cm®. Discrepancies between the experimental re-
sults and simple model predictions are discussed. Such
discrepancies suggest that despite the high magnetic field,
atoms within the spin-exchange cell evolve to spin-
temperature equilibrium resulting in nuclear polarization.

II. THEORETICAL OVERVIEW

A simple model, in which only electronic spin states
are considered, can be used to predict electron polariza-
tion values for H and D atoms within the spin-exchange
optical-pumping apparatus. Such a model accounts for
optical pumping of potassium atoms and spin-exchange
collisions between potassium and H (D) atoms [14]. This
model assumes that because hyperfine coupling in a high
magnetic field is weak, nuclear spin can be ignored. Such
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a system is represented in Fig. 1, which depicts optical
pumping of potassium atoms in a high magnetic field
with o, laser light tuned to the D, transition. Potassium
atoms in the 42S, ,,, m, = —1/2 ground state absorb the
laser light and are excited to the 4%P,,, state. Atoms
spontaneously decay to either of the two ground-state
levels with a branching ratio of 2/3 to the m, = —; state
and 1/3 to the m, =} state. After many optical-pumping
cycles, the net result is that the 42S,,, m,=1 ground
state becomes preferentially populated. Analogously, the
428, ,, m,=—1 state is preferentially populated when
optical pumping is performed with o _ laser light. Tran-
sitions between ground-state levels occur through spin-
exchange collisions between potassium and H (D) atoms,
a process indicated by the dashed line in Fig. 1. An ex-
pression for H (D) polarization can be deduced by consid-
ering the rate equations [14] that describe potassium and
H (D) ground-state populations

Y a
Y4 +7’loss

where Py is the potassium polarization, y , is the
K-H(D) spin-exchange rate, and . is the H (D) polar-
ization loss rate. The K-H(D) spin-exchange rate is given
by v 4, =ng (o¥8 Pl ), where ny is the potassium densi-
ty within the spin-exchange cell, oD’ is the K-H(D)
spin-exchange cross section (7.4 X 10—15 cm?) [15], and v
is the thermally averaged relative K-H(D) velocity. The
H (D) polarization loss rate is given by ¥, =Dz
+ 1/t 4we» Where I'y is the H (D) relxation rate including
the effect of recombination and 4, is the characteristic
time a H (D) atom remains in the spin-exchange cell. To
arrive at this relatively straightforward expression for H
(D) polarization, effects of nuclear spin and applied mag-
netic field were ignored.

A more sophisticated model has recently been pro-
posed by Walker and Anderson [1] that considers effects
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FIG. 1. Schematic diagram of a potassium atom in a high

magnetic field. Optical pumping depletes the me=—%
ground-state sublevel for o, light. Ground-state transitions

occur via spin-exchange collisions with H or D atoms.
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of nuclear spin and applied magnetic field on polarized H
(D) production in a spin-exchange optical-pumping ap-
paratus. The model suggests that, although high magnet-
ic fields generally weaken the influence of the hyperfine
coupling between the nucleus and the electron, frequent
H-H (D-D) collisions increase the total probability for a
hyperfine interaction to occur. Under such a condition,
atoms approach spin-temperature equilibrium and the
nuclei become polarized through hyperfine interactions
with polarized electrons.

To derive an expression for the time required for the
hydrogen system to approach spin-temperature equilibri-
um, Walker and Anderson construct rate equations that
describe the populations of the four magnetic substates of
H (Fig. 2) in an arbitrary magnetic field under the
influence of H-H spin-exchange collisions [1]. The popu-
lation difference between states 2 and 4 is given by

P,—P,=(P,—P,),exp(—1tsin*20/Ty) , )

where the subscript 0 indicates initial condition and T'j;!
is the H-H spin-exchange rate given by ny{oiiv),
where ny is the H density, o s the spin-exchange
cross section (2X10™" cm?) [15], and (v) is the
thermally averaged H-H velocity. The magnetic-field-
dependent mixing angle 6 is given by tan26
=0vy,/8,14g B, where v, is the ground-state hyperfine
splitting in zero magnetic field and g uzB is the energy
shift of the electron in a magnetic field B. In spin-
temperature equilibrium, the population of a substate
with magnetlc quantum number m; is given by
P,= By /N, where N =4 cosh?(8/2) and B, referred to
as the spin-temperature parameter [11], is defined in
terms of the total angular momentum ( F, ) =tanh(3/2).
For a hydrogen system in spin-temperature equilibrium,
P,=P, and from Eq. (2) the charactertistic time Tgr to
approach spin-temperature equilibrium is given by

Ty
sin?20

8skpB
Vg

2
Tsr= 1+ Ty . (3)
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FIG. 2. Rabi diagram for H atoms in a magnetic field.
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Equation (3) is approximatley true for deuterium as well.

To derive expressions for atomic and nuclear polariza-
tion for H atoms in a high magnetic field, Walker and
Anderson construct rate equations that describe a hydro-
gen system under the influence of K-H and H-H spin-
exchange collisions [1]

al{F,) _ 1

o ——T—A—(?PA—(FZ)+(IZ>), (4)
da(r,) 1

e ZTST((F”)—Z(Iz))’ (5

where the following relations apply: P,+P,+P;+P,
=1, (F,)=P,—P;, and (I,)=~(P,—P,—P;+P,)/2.
The quantity T, is 1/y ,, as defined above. These
differential equations can be solved for (F,) and (I, ),
the system total angular momentum and nuclear spin, re-
spectively. To estimate the electron polarization of
atoms leaving the spin-exchange cell, the system electron
spin (S, ), given by (S,)=(F,)—(I,), can be integrat-
ed over the appropriate Poisson distribution of dwell
times to obtain

(C—=J)

r
r+b + r ’ ©

-« |4a-D B-E
(5,)= I'+a

where I'=1/t4,.; and the constants a,b, 4,B,C,D,E,J
are given in Table I. Equation (6) is also true for deuteri-
um, but the coefficients a,b, A,B,C,D,E,J are different
from those of hydrogen.

There are significant differences between the two mod-
els described above. In particular, the spin-exchange
optical-pumping model, although appealing in its simpli-
city, does not distinguish between H and D atoms and
does not consider effects associated with H (D) density
and applied magnetic field. In contrast, the treatment of
Walker and Anderson suggests that for comparable den-
sity and magnetic-field strength conditions, H atoms will
approach spin-temperature equilibrium more quickly
than D atoms because of the comparatively larger
hyperfine splitting for H (8v[L=1420 MHz and
8vi, =327 MHz). The difference in time that H and D
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atoms require to approach spin-temperature equilibrium
can cause H and D electron polarization values to differ.
Differences in polarization should be most apparent when
Tst values are made to vary about t4,,; with changing
density and magnetic-field strength. Thus measurement
of electron polarization for H and D atoms in an optical-
pumping spin-exchange cell as a function atomic density
and magnetic-field strength will provide an excellent test
of these two models.

III. EXPERIMENTAL APPARATUS

In this experiment, molecular H (or D) is dissociated in
a rf inductive discharge and sent into a spin-exchange cell
containing potassium vapor (Fig. 3). The potassium
atoms are optically pumped with laser light in the pres-
ence of a high magnetic field. Electron spin is transferred
to H (D) atoms during collisions with polarized potassi-
um atoms;

H(1)+K(l)—H(l)+K(T) . (N

H (D) atoms leave the spin-exchange cell and travel
through a transport tube to a vacuum chamber that con-
tains an atomic beam, electron-spin polarimeter.

A. Gas flow system
and spin-exchange optical-pumping apparatus

Purified H (D) is obtained by electrolytically dissociat-
ing water and then diffusing H (D) through a thin palladi-
um membrane. Beyond the palladium membrane, recom-
bination occurs within stainless-steel tubing where H (D)
is maintained at roughly 10 psi above atmospheric pres-
sure. A needle valve (Granville-Philips series 216) is used
to regulate the flow of H (D) to the spin-exchange
optical-pumping apparatus. The exact flow rate is deter-
mined by measuring the pressure drop across a calibrated
leak (MKS Model No. CFE-0.5).

The molecular H (D) then flows into a one-piece Pyrex
glass apparatus that consists of three regions: a dissocia-
tor, a spin-exchange optical-pumping cell, and a trans-
port tube. This one-piece construction ensures that no

TABLE I. The coefficients used in Eq. (6) to solve for the system’s average electron spin (S, ).

Coefficient Hydrogen Deuterium
4 2y, +via —4y,v, 71a+%72b_37’172
2y,b +2ya —4y v 2y,a +%?’2b“271'}’2
B —(A+P,) —~(A+%PA)
C P, iP,
Y2 Y2
D
2y,—a %yz—a
E —(D+P,/2) —(D+P,)
J P,/2 P,
a 7’1+?’2_\/(71)2+(72)2 %(3'}’24‘4'}’1*\/97’%'{”167%‘*‘8717’2)
b i+ 72+V (y )2+ (1)) L3y, +4y,+V 9y + 16y +8y,7,)
2 174 Lva
Y2 %7’57' %YST
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air leaks exist near the rf discharge, circumvents the need
for vacuum seals between regions, and also minimizes
unwanted surface area between regions to reduce the like-
lihood of recombination.

Molecular H (D) is dissociated in a rf inductive
discharge created by a 13-turn coil 3.5 cm in diameter,
which is part of an LC tuned circuit. The coil is suspend-
ed around the dissociator region and rests within a
grounded brass cylinder. Grounding straps are also
placed above and below the cylinder to ensure
confinement of the discharge to the dissociator region.
The LC circuit resonates at approximately 50 MHz and
dissociation performance is optimized when approxi-
mately 30 W of rf power is absorbed by the hydrogen.

Upon dissociation, atomic H (D) flows continuously
through a small aperture (0.9 mm diameter) into a cylin-
drical cell (referred to as the spin-exchange cell) that also
contains potassium vapor. Potassium atoms enter the
spin-exchange cell through a separate aperture (0.9 mm
diameter) from a heated sidearm that contains approxi-
mately 1 g of potassium metal. The spin-exchange cell is
positioned between the pole tips of a dipole magnet with
the long axis of the cell oriented parallel to the magnetic
field. The potassium vapor is optically pumped with cir-
cularly polarized laser light that propagates along the
direction of the magnetic field. The H (D) atoms become
polarized through repeated spin-exchange collisions with
the polarized potassium atoms.

Polarized H (D) and potassium atoms exit the spin-
exchange cell through an opening that leads to a region
of low magnetic field, referred to as the transport tube
(250 mm long, 19 mm diameter). The transport tube
guides the atoms toward an atomic beam, electron-spin
polarimeter (described below) and also provides a region
where rf ground-state transitions can be induced.

The spin-exchange cell and the transport tube must be

heated to ~250°C in order to prevent potassium from
condensing on the walls. To achieve this end, the spin-
exchange cell and transport tube rest within a glass
sleeve. Hot air is forced between the sleeve and the outer
surface of the spin-exchange cell and the transport tube.
The walls of the spin-exchange cell and the transport
tube are coated with “drifilm” to prevent recombination
and depolarization of H,D and potassium atoms at the
walls. Drifilm, in contrast to paraflint, can withstand the
high cell temperature necessitated by the use of potassi-
um vapor. The coating process is described in Ref. [16].

The dimensions of the spin-exchange cell and the diam-
eter of the hole leading to the transport tube were chosen
by requiring that (i) the characteristic time an atom
spends in the spin-exchange cell be long enough to ensure
a high density of H (D) atoms within the spin-exchange
cell and (ii) atom-wall collisions are minimized to prevent
depolarization and molecular recombination. A cylindri-
cal spin-exchange cell (45 mm long X22 mm wide) was
chosen for this experiment. The exit hole was chosen to
be 3.1 mm in diameter. Such a cell geometry allows for
efficient optical pumping and provides an adequate
compromise between the competing requirements listed
above. The characteristic time for H (D) atoms within
the spin-exchange cell was calculated to be 4.1 msec (5.8
msec) as given by ¢4y =4V /vAK, where V is the spin-
exchange cell volume, v is the thermally averaged veloci-
ty, A is the area of the exit hole, and K is the Knudsen
factor. An atom experiences approximately 700 wall col-
lisions in the spin-exchange cell before entering the trans-
port tube (N, =8/ AK, where § is the surface area of the
spin-exchange cell). Such a number is considerably less
than that found to produce recombination on drifilm-
coated Pyrex [17]. With these dimensions, operating H
and D densities in the spin-exchange cell were between
4X10" and 2.6 X 10'* atoms/cm?>.
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B. Polarimeter and vacuum system

Polarized H (D) atoms travel through the transport
tube toward a vacuum chamber that contains an atomic
beam, electron-spin polarimeter. The polarimeter con-
sists of a permanent sextupole magnet and a quadrupole
mass analyzer (QMA). The sextupole magnet focuses
electron “spin-up” atoms and defocuses electron ‘“‘spin-
down” atoms where the terms ‘“‘up” and “down” refer to
the electron-spin orientation relative to the local magnet-
ic field of the sextupole magnet. Atoms and molecules
that travel through the sextupole magnet are detected
with the QMA that is positioned at the focus of the mag-
net. A Monte Carlo simulation indicates that a majority
(~90%) of the atoms that are detected by the polarime-
ter scatter from the walls of the transport tube. Electron
polarization is evaluated by comparing QMA signals
when the laser beam is incident upon the spin-exchange
cell and then blocked,

P=—-1, (8)

where N refers to the QMA signal when the laser beam
is blocked (1 amu detection for H and 2 amu detection
for D), N, is the QMA signal when the laser beam is in-
cident upon the spin-exchange cell, and o * refers to the
circular polarization of the laser light.

The QMA is also used to determine degree of dissocia-
tion by comparing molecular throughput with and
without a discharge in the dissociator (M, and M , re-
spectively)

M
= 9
Moﬂ

Dy =1—
A chopper, located downstream from the sextupole mag-
net, modulates the H (D) flow to the QMA. The ambient
H (D) background is suppressed using a lock-in amplifier
to measure only the chopped signal from the QMA. Dis-
sociator performance is shown in Fig. 4, which depicts
the percentage of total deuterium density that exists in
the spin-exchange cell in atomic form. Although the data
in Fig. 4 represent “best-ever” performance, degree of
dissociation values =~75% are regularly obtained under
normal operating conditions. Knowledge of degree of
dissociation allows calculation of the atomic density
within the spin-exchange cell, from

neHZ%Ddisandis ’ (10)
where L is the flow rate of H (D) atoms through the ap-
paratus, A4 is the area of the exit hole in the spin-
exchange cell, and n is the total H (D) density in both
atomic and molecular form.

The electron-spin, atomic beam polarimeter rests
within a vacuum system composed of three differentially
pumped regions to minimize H (D) background pressure
at the QMA. The majority of H (D) is pumped from the
system in the first region with a turbomolecular pump
and a titanium-sublimation pump. The first region pres-
sure is typically 10~ ¢ Torr under standard operating con-
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FIG. 4. Degree of dissocation vs total deuterium density
within the spin-exchange cell.

ditions. Pressure is reduced by a factor of 10 in the
second region, where the permanent sextupole magnet is
located, by a second titanium-sublimation pump. In the
final region, where the QMA is located, an ion pump is
used to reduce the pressure by another order of magni-
tude.

C. Pump laser and optics

A tunable, single-frequency titanium-sapphire laser
(Coherent 899-01) is used to optically pump the potassi-
um vapor. Three intracavity elements (birefringent tun-
ing filter, thick étalon, and thin étalon) allow precise
laser-frequency tuning to the potassium D; line

(Ag2g _42p =770.1 nm). A small portion of the laser
127 172

output is sent to an optical spectrum analyzer (Fabry-
Pérot étalon) and wavemeter to monitor laser-frequency
stability and wavelength. The majority of the laser out-
put is focused into an electro-optic modulator (EOM)
driven with 20 W of amplified white noise. The EOM
serves to broaden the laser linewidth from 10 MHz to ap-
proximately 1 GHz. With this technique [18], the laser
linewidth closely matches the width of the Doppler-
broadened D, line and ensures that both hyperfine sub-
levels of the 42§, ,» ground state are optically pumped.
The laser beam is then expanded, collimated, and passed
through a quarter-wave plate. Circularly polarized light
is directed along the central axis of the dipole magnet and
into the spin-exchange cell where potassium vapor is spin
polarized through optical pumping. The dipole magnet
field strength in the region of the spin-exchange cell is
uniform to within 3% and is greater than 100 mT to min-
imize radiation trapping and maximize potassium polar-
ization [19]. Typically, 3 W of laser power are incident
upon the spin-exchange cell. When the quarter-wave
plate is oriented to induce Am = +1 transitions, the po-
tassium vapor is polarized electron spin up with respect
to the magnetic field. When the quarter-wave plate is ro-
tated 90°, Am = —1 transitions are induced and the po-
tassium vapor is polarized electron spin down. In a high
magnetic field, switching between electron spin-up and
electron spin-down polarized H (D) also requires a slight
change in laser frequency which is accomplished by tilt-
ing the thick and thin étalons.



50 HIGH-DENSITY PRODUCTION OF SPIN-POLARIZED ATOMIC. ..

D. Probe laser: Potassium density and polarization
measurements

Potassium density and polarization within the spin-
exchange cell are measured throughout the duration of
the experiment to ensure that any change in H (D) polar-
ization is not merely due to a change in alkali-metal con-
ditions. Measurements are made with a tunable, single-
frequency probe laser and rely on probe laser transmis-
sion through the spin-exchange cell

I(n)=I,e 7!, (11)
where I(v) is the probe laser intenstiy, I, is the probe
laser intensity when the laser frequency is tuned far from
resonance, o(v) is the absorption cross section, ng is the
potassium density, and / is the spin-exchange cell length.
Rewriting Eq. (11) and integrating over frequency yields

Iy
f lnI(v)dv—nKlfcr(v)dv. (12)

The term [ o(v)dv is equal to mcr, f, where r,=e*/mc?
and f is the oscillator strength of the transition. Mea-
surement of the quantity I (v) as the probe-laser frequen-
cy is scanned across the D, line allows determination of
the potassium density. Potassium polarization is deter-
mined by calculating the ratio of two f In[I,/1I(v)]dv
values, when the pump laser is incident upon the spin-
exchange cell and when blocked. It should be noted that
at typical operating temperatures, the probe-laser beam is
completely absorbed over a range of frequencies near line
center. Under such a circumstance, a Gaussian curve is
fit to the wings of the absorption profile and the area un-
der the fitted curve is used in calculating density or polar-
ization.

Potassium density and polarization measurements are
made with a single-mode diode laser (SHARP model
LT024). No optical feedback is necessary to tune the
laser frequency across the D, line. The diode-laser
linewidth is approximately 20 MHz, which is consider-
ably less than the Doppler-broadened linewidth of potas-
sium at typical operating temperatures. The linearly po-
larized probe-laser output is directed through polarizing
optics and then into the spin-exchange cell nearly col-
linear but counterpropagating to the pump-laser beam.
The probe-laser frequency is varied by ramping the
diode-laser drive current [20] and a photodiode is used to
measure the change in probe-laser transmission through
the spin-exchange cell. The constant increase in probe-
laser power that results from ramping the diode-laser
drive current is divided from the photodiode trace using
the signal from another photodiode that monitors a por-
tion of the probe-laser beam that does not travel through
the spin-exchange cell.

Examples of probe-laser transmission through the
spin-exchange cell versus probe-laser frequency are
shown in Figs. 5(b)-5(e) for various experimental condi-
tions and illustrate the technique used to determine po-
tassium density and polarization. Probe-laser frequency
calibration is obtained by monitoring probe-laser
transmission through a Fabry-Pérot étalon with a free
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spectral range of 7.5 GHz [Fig. 5(a)]. In all cases depict-
ed in Fig. 5, the deuterium density within the spin-
exchange cell was ~7X 10! atoms/, cm? and the tempera-
ture of the potassium reservoir was 180°C. To obtain the
trace in Fig. 5(b), the probe-laser beam was directed
through a depolarizer and then into the spin-exchange
cell with the pump-laser beam blocked. No magnetic
field was applied to the spin-exchange cell for this pur-
pose. The weak probe-laser beam (25 uW) is completely
absorbed over a range of frequencies near line center.
Calculation of f In[1,/I(v)]dv indicates that potassium
density within the spin-exchange cell is 2X10'
atoms/cm®. For Fig. 5(c), the probe-laser beam was
directed into the spin-exchange cell after passing through
a quarter-wave plate oriented to excite Am = —1 transi-
tions. The magnetic field was set to 400 mT. The applied
magnetic field shifts the magnetic substates; maximum
probe-laser absorption is observed to occur at a different
probe-laser frequency from that observed in Fig. 5(b). In
Fig. 5(d), both the probe- and the pump-laser beams were
directed into the spin-exchange cell with laser frequency
and polarization chosen to excite Am = —1 transitions.
No attempt was made to tailor the pump-laser linewidth
to that of the Doppler-broadened line (i.e., no EOM was
used). Significant probe-beam absorption implies the po-

(a)
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7.5 GHz W

<

[a

[

<C

n

o

COMPLETE (b)

PROBE-BEAM
ABSORPTION

(d)

PROBE LASER BEAM TRANSMISSION (rel. units)

r_

PROBE LASER FREQUENCY (rel. units)

FIG. 5. Probe-laser transmission through the spin-exchange
cell as a function of probe-laser frequency: (a) probe-laser
transmission through Fabry-Pérot étalon used for frequency
calibration; (b) B =0, pump laser blocked; (c) B =4 kG, pump
laser blocked; (d) B =4 kG, narrow-band pump laser directed
into the spin-exchange cell; (¢) B =4 kG, frequency-broadened
pump laser directed into the spin-exchange cell.
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tassium is poorly polarized (Pg =30%). Decreased ab-
sorption near the center of the absorption profile is an in-
dication that the narrow-band pump laser (=~10 MHz
linewidth) is exciting relatively few potassium atoms (i.e.,
only those that have trajectories nearly orthogonal to the
pump-laser beam direction). In Fig. 5(e), the pump-laser
beam was directed through the EOM; very little of the
probe-laser beam is absorbed when the probe-laser fre-
quency is scanned across the line. The trace clearly indi-
cates that efficient optical pumping occurs when the laser
linewidth is broadened using the EOM technique. Potas-
sium polarization is calcualted to be 95% using the
probe-laser transmission traces in Figs. 5(c) and 5(e).

IV. EXPERIMENTAL RESULTS

The electron polarization of H and D atoms emitted
from the spin-exchange optical-pumping apparatus was
measured using the atomic beam, electron-spin polarime-
ter. In Fig. 6(a), polarization values are plotted versus
atomic density within the spin-exchange cell. Measure-
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ments were made over a range of dissociator region pres-
sures where degree of dissocation was high and nearly
constant (=75%). The potassium-reservoir temperature
was maintained at 188 °C, resulting in a potassium densi-
ty within the spin-exchange cell of approximately 4 X 10!
atoms/cm’. Approximately 3 W of pump-laser power
were incident upon the spin-exchange cell. The data
were obtained with a magnetic field of 400 mT in the re-
gion of the spin-exchange cell. Polarization values are
high (=70%) for H and D atoms at lower densities. At
higher densities, polarization values decrease, although D
polarization drops more severely than H polarization.
Potassium polarization was also measured throughout
the experiment and values are shown plotted versus H
(D) atomic density in Fig. 6(b). Potassium polarization is
observed to decrease with increasing H (D) density, al-
though values remain high (=90%) over the entire range
of densities tested. Repeated measurements of polariza-
tion made over a period of several minutes with operating
conditions unchanged indicate that H and D polarization
can be measured to within a standard deviation of 2%
and potassium polarization to within 5%.

The electron polarization of H and D atoms emitted
from the spin-exchange optical-pumping apparatus was
also measured for three different magnetic fields (120,
220, and 400 mT) in the spin-exchange cell as shown in
Fig. 7. Molecular dissociation, pump-laser power, and
potassium-density conditions were similar to those de-
scribed above. The data were acquired by holding the
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magnetic field constant and varying the atomic density.
The magnetic field was then changed and a new set of
data were obtained over a similar range of atomic densi-
ties. The magnetic-field dependence of the data clearly
demonstrates different behavior for H and D atoms.
Values of H polarization are relatively insensitive to
changing magnetic field [Fig. 7(a)], whereas D polariza-
tion values depend significantly upon magnetic field [Fig.
7(b)].

V. DISCUSSION

The shortcomings of the simple spin-exchange optical-
pumping model are evident when attempting to explain
the atomic density and magntic-field dependence of the H
and D polarization data in Figs. 6 and 7. The simple
model suggests that the ratio of H or D polarization to
potassium polarization (Py p/Pg) should remain con-
stant as a function of H (D) density because the quantity
v 4/(¥ 4 +710ss) in Eq. (1) is independent of this variable.
Under operating conditions described above, the K-H(D)
spin-exchange rate is approximately 760 sec”!. The po-
larization loss rate is estimated to be roughly 250 sec !
[21]. Then according to Eq. (1), the ratio Py /Pg is
equal to 0.75. Measured values of Py /P, as well as
the estimated value, are plotted versus atomic density
within the spin-exchange cell in Fig. 6(c). Clearly, the
measured ratio varies with changing density, in contradi-
tion to the simple-model prediction and furthermore, the
ratio differs for H and D atoms. A straight-line fit
to the data reveals that as density increases, the
ratio Py /Pyx decreases at a rate of (—4.610.9)
X 1071 (atoms/cm?®)”!. The ratio Pp/Px decreases
more severely at a rate of (—16.042.3)X10716
(atoms/cm?®)"!. The simple model cannot account for
the different behavior between H and D atoms. The sim-
ple model also fails to account for the variation in D po-
larization values observed with changing magnetic field
visible in Fig. 7(b). The inability of the simple model to
predict H and D polarization behavior with changing
density and field suggests that the model inadequately de-
scribes the process of spin-exchange optical pumping in
dense samples of H and D.

The density and the magnetic-field dependence of H
and D polarization data, however, are consistent with the
treatment of Walker and Anderson. Their model pre-
dicts that the large difference in the magnetic moments of
the nuclei will give very different rates for approach to
spin-temperature equilibrium. For comparable densities,
H atoms will approach spin-temperature equilibrium
more quickly than D atoms because of the larger
hyperfine splitting for H (8viL,=1420 MHz and
8vP,=327 MHz). Atoms approach spin-temperature
equilibrium when Tgr <t4,;- For H atoms in the spin-
exchange cell, Tgy values are less than ¢4, over the en-
tire range of densities and fields tested (0.03 < Tgy <3.0
msec and 3, =4.1 msec). Because H atoms quickly ap-
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proach spin-temperature equilibrium within the spin-
exchange cell, H polarization is observed to be relatively
insensitive to the changing density and magnetic field.
For D atoms, however, Tgy values span a range about
tgwen (0.43 < Tgr <67 msec and t5,.; —5.8 msec). Deu-
terium atoms approach spin-temperature equilibrium
within the spin-exchange cell only for high density and
low field conditions. As a result, D polarization is ob-
served to be more sensitive to changing density and mag-
netic field.

The model of Walker and Anderson was used to make
theoretical predictions of electron polarization for H and
D atoms within the spin-exchange cell. Theoretical elec-
tron polarization values obtained using Eq. (6) are plotted
as a function of atomic density in Fig. 7. These predic-
tions were obtained using measured values of potassium
density and polarization. Only H-H (D-D) spin-exchange
collisions within the spin-exchange cell were considered.
The effects of collisions within the transport tube and po-
larization loss due to wall relaxation were ignored. The
theoretical predictions of H and D polarization as a func-
tion of atomic density and magnetic field display similar
behavior to that of the data [22]. For H atoms, theoreti-
cal and measured values of polarization are insensitive to
changing magentic field, whereas for D atoms, theoretical
and measured values of polarization vary significantly
with changing magnetic field. Theoretical polarization
values, however, tend to overestimate H and D polariza-
tion, especially at higher atomic densities. Better quanti-
tative agreement between theory and experiment may re-
sult if polarization loss due to wall relaxation were ac-
counted for in the model.

VI. CONCLUSION

The density and field dependence of the H and D po-
larization data suggest that H and D atoms approach
spin-temperature equilibrium within the spin-exchange
optical pumping. This is the best evidence that the spin-
exchange model of Walker and Anderson is correct. This
implies that at high atomic densities nuclei become polar-
ized even at fields that are much higher than the critical
field because of the high frequency of spin-exchange col-
lisions. Efforts [23] to measure nuclear polarization
directly for relatively dense polarized deuterium samples
are in progress.
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FIG. 3. Schematic diagram
of the spin-exchange optical-
pumping apparatus. M, mirror;
L, lens; EOM, electro-optic
modulator; A/4, quarter-wave
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plate or depolarizer); QMA,
quadrupole mass analyzer.



