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by spin-exchange optical pumping
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We have produced highly spin-polarized atomic hydrogen by spin-exchange optical pumping. A
tunable ring dye laser is used to polarize rubidium atoms by optical pumping. The cell containing
the rubidium vapor is coated with paraffin in order to reduce spin relaxation due to wall collisions.

Hydrogen gas is dissociated in an inductive discharge and Aows continuously through the cell, in

which the hydrogen atoms are polarized by spin-exchange collisions with the polarized rubidium

atoms. Atomic-hydrogen polarization as high as 2(J, )„=0.72(6) has been observed, which is the

highest polarization yet produced by this method. However, the rubidium polarization may be lim-

ited to this value due to radiation trapping at higher rubidium densities. The spin-relaxation rate of
atomic hydrogen on a paraffin-coated cell is also measured and corresponds to about 7600 wall

bounces between wall relaxation.

I. INTRODUCTION

Present interest in spin-polarized atomic hydrogen has
been generated by two factors. First, the development of
polarized beams and targets has allowed the investigation
of spin-dependent phenomena in atomic, nuclear, and
high-energy physics. Second, since the hydrogen atom is
the simplest atom, it is widely used in experimental tests
of theoretical models of atomic and subatomic structure.
Polarized atoms may be used to determine atomic energy
levels with extreme precision by driving transitions with
radio frequency (rf) fields. Spin exchange techniques
closely related to those described in this work have been
used' to measure the ratio of atomic g factors to better
than one part in 10, and the ground-state hyperfine sepa-
ration of deuterium to better than four parts in 10 . In
an early application of the hydrogen maser, the ground-
state hyperfine separation of H was measured to better
than two parts in 10". Polarized hydrogen has been used
as a target in low-, medium-, and high-energy physics.
Actual and proposed uses have included the study of
spin-dependent effects in atomic scattering, the study of
the spin structure of hadrons, and the measurement of
spin-dependent nuclear form factors. Polarized tritium
would be a very natural system in which to determine the
neutrino mass by beta-decay measurements. Polarized
hydrogen is also important to the study of degenerate
quantum gas phenomena, and is expected to display Bose
condensation and other interesting quantum-mechanical
properties at cryogenic temperatures and sufficiently high
density. Spin-polarized hydrogen is used in order to
suppress recombination so that higher concentrations
may be attained.

Spin-polarized fusion is a potentially significant appli-
cation of polarized hydrogen. Since at low energies the
fusion reaction d(t, a)n goes almost exclusively through
the spin- —', He intermediate resonance state, the reaction
rate should be enhanced by a factor of 1.5 if the deuteron

and triton spins are aligned. Theoretical calculations for
typical magnetic confinement and inertial confinement
fusion reactors suggest that the polarization would last
long enough in the reactor to make this practical. In ad-
dition, the polarization of the reactants would yield
better control over the direction of the neutrons and al-

pha particles produced in the reaction, thereby enhancing
their confinement and minimizing radiation damage to
the reactor walls. It has been suggested that this effect
could also be used to provide intense, well-collimated
beams of 14-MeV neutrons for use in medical radiology.

A near-infrared laser with 1 W of output power pro-
duces on the order of 4X 10' photons per second, giving
optical pumping' the potential of being a few orders of
magnitude more intense than conventional atomic-beam
sources of polarized atoms, which are limited to about
10' s '. In principle, hydrogen atoms could be polar-
ized directly by optical pumping, but there are severe
technical problems associated with producing and work-
ing with the Lyman-a radiation (A, ,s 2p

= 121.6 nm)
necessary to pump hydrogen. " cw lasers at the Lyman-a
wavelength do not exist, and the fine-structure splitting
between the 2 P, z, and 2 P, &2 levels (11 GHz) is smaller
than the Doppler broadening of the line at room temper-
ature (-20 Ghz). This obviates the elimination of D, or
D2 resonance radiation for efficient optical pumping.

For these reasons, atomic hydrogen has been polarized
by spin exchange with optically pumped alkali atoms.
Alkali-hydrogen spin exchange was first used by Ander-
son et al. ' to measure the hyperfine separations of the
hydrogen isotopes. It has subsequently been employed to
polarize atomic hydrogen in a sealed cell' and in a flow-

ing system presently under development, ' and also to
measure the diffusion constant of atomic hydrogen in
helium. '5

We report here on the polarization of atomic hydrogen
by spin-exchange optical pumping. In this experiment,
hydrogen gas is dissociated in a glow discharge and flows
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continuously through a spin-exchange chamber, where

the hydrogen atoms are polarized by spin-exchange col-
lisions with optically pumped rubidium atoms:

Rb(1)+H( 1 ) ~Rb(1)+H( T ) .

The hydrogen nucleus is subsequently polarized by the
hyperfine interaction, thus (F, )H=2( J, )H=2(I, )H,
where these are the total, electronic, and nuclear polar-
izations of the hydrogen, respectively. The measured po-
larizations are the highest yet achieved using this tech-
nique. The chamber walls are coated with paraffin to
reduce spin relaxation, which is necessary for the
achievement of high polarization. We present rneasure-
ments of hydrogen and rubidium relaxation on the
paraffin wall coatings. We also discuss a novel technique
for modifying a ring dye laser in order to obtain suitable
optical-pumping light.

II. EXPERIMENTAL APPARATUS

A. Gas Sow system

The gas handling system used in this experiment is il-

lustrated in Fig. 1. Hydrogen (or deuterium) gas is
purified by passage through a palladium leak, and flows
continuously through the system. A Granville-Phillips
leak valve controls the gas flow and pressure in the hy-
drogen lines. The gas lines include getter cells (not
shown) containing potassium metal, which are used to re-
move impurities such as pump oil, water vapor, and other
residual gases which evolve from the stainless steel tubing
over time. The getters are necessary to prevent depletion
of the rubidium in the reservoir.

The hydrogen gas is dissociated in an rf inductive
discharge created by a 7-turn copper coil 6 crn in diarne-
ter (-3 pH), which is part of an I.C tuned circuit,
suspended around the glass discharge region. The disso-
ciation fraction in the discharge is thought to be above
90%. The discharge region is located about 15 cm from
the spin-exchange cell, and is shielded by an aluminum
box.

The hydrogen flow system used in this experiment is
similar to that of Hayne et al. ' It consists of a cylindrical
Pyrex spin-exchange chamber, 5.1 cm in diameter and 7.6
cm in length, with a sidearm containing natural rubidium
metal (isotopic abundance 73% Rb and 27% Rb). The
spin-exchange chamber is separated from the input line,
the output line, and the rubidium reservoir by capillary
tubes of length —5 mm and respective diameters 0.1, 0.5,
and 2.0 rnrn. It is important that the diameter of the in-

put capillary be less than about 0.2 mm to prevent ener-
getic particles from the hydrogen discharge from entering
the cell, where they bombard the cell walls and rapidly
damage the paraffin coating. The output lines lead to the
turbomolecular (TMP) and mechanical pumps, which re-
move the gas from the system.

B. ParafBn ~all coating

The walls of the chamber are coated with a commercial
paraffin mixture (Paraffint) in order to prevent the depo-
larization of rubidium and hydrogen atoms at the cell
walls. Paraffin has the advantages that it can easily be re-
stored from a contaminated state, unlike silicon coatings
such as Drifilm and Surfasil, and does not react chemical-
ly with alkali metals, as does Teflon. The main disadvan-
tage of Paraffint is that its melting point (-105'C)
prevents operation at a temperature higher than that cor-
responding to a rubidium density of —10' atoms/cm .
This was not a serious drawback in this work, as the op-
timurn rubidium density was found to be limited to about
10" atoms/cm . During the initial preparation, the
spin-exchange cell is loaded with several (-12) chips of
parafFin about 10 mrn in size. The paraffin is distributed
over the cell walls in two ways: either by baking the cell
for several hours at a temperature above the melting
point of the paraffin, or by melting local paraffin concen-
trations with a heat gun for about one minute. In either
case, the coated cell will have a slightly frosty appearance
due to the paraffin film on the cell walls. This process is
repeated as necessary if the coating becomes degraded as
evidenced by the increase in the wall relaxation rate.
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Regulated @

leak valve
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wall
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FIG. 1. A schematic representation of the gas flow system.
Included in the diagram are the spin-exchange cell (Cell), a
turbo-molecular pump (TMP), and a pressure gauge (P).

C. Temperature control system

Temperature regulation of the system is achieved by
enclosing the spin-exchange cell in an oven, heated by hot
air flow. The oven has glass windows for transmission of
the pumping and fluorescent light. A temperature gra-
dient is maintained between the rubidium reservoir and
the spin-exchange cell by enclosing the reservoir in a
jacket through which cooling air flows. This two-
ternperature system significantly reduces the deposition
of rubidium on the walls of the main cell by causing the
Rb to collect in the colder reservoir, thus preventing con-
tamination of the wall coating.

The cell and reservoir temperatures are measured by
thermocouples mounted near the spin-exchange cell and
inside the reservoir jacket, respectively. The rubidium
density in the reservoir is obtained from the experimental

temperature dependence of the vapor density as deter-
mined by Killian, ' whose empirical formula is
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log, o[Rb] =26.41 — —log, oT,
4132

(2)

where [Rb] is in atoms/cm and T is in K. The rubidium
density in the spin-exchange cell is slightly lower, and is
given approximately by

C„
"C„+C,+C + V/r,

(3)

where C„,C„and Co are the conductances of the reser-
voir, input, and output capillaries, respectively, V=150
cm is the cell volume, and r, —100 sec (Ref. 17) is the
mean time before an alkali atom is absorbed by the
paraffin-coated wall. The gas kinetics in the capillaries
are dominated by free molecular flow, and the capillary
conductances at 350 K are given approximately by'

C= 5X10 crn sec ' D
v'm L (4)

The polarization and detection aparatus used in this
experiment are shown in Fig. 2. We used a Coherent
699-21 ring dye laser with LD-700 dye, pumped by a
Spectra-Physics 171 krypton ion laser (-5W), tuned to
the rubidium D, line at 794.8 nm. The ring dye laser was

Woofer

Ring dye laser ~ Kr+ laser

"Noise
reducer"

8-1-10 G

where D and L are the diameter and length of the capil-
lary tube, and m is the atomic mass of the atom or mole-
cule. Substitution of the appropriate numbers in (3) and
(4) yields [Rb], =0.98[Rb]„.

D. Optical-pumping —polarization technique

operated in two distinct configurations. In the single fre-
quency configuration, etalons were inserted into the cavi-
ty, and the laser was actively locked to a single frequency
with a resulting linewidth of about 1 MHz. In the broad-
band configuration, the etalons were not used, and a nov-
el technique was employed that resulted in a fairly homo-
geneous frequency spectrum with about a 10-GHz band-
width. The laser is equipped with a Brewster plate
which, when operating in a single frequency config-
uration, is used for scanning the frequency by amounts
up to 30 6Hz. When the Brewster plate is tilted, it
changes the length of the laser cavity, hence shifting the
frequency of each individual cavity mode. We applied an
audio frequency (about 1 kHz) voltage to the Brewster
plate, taking care to tune the frequency to match the nat-
ural resonant frequency for the device. Modulating the
Brewster plate in this way causes very large frequency
shifts of the individual cavity modes, forcing the laser to
hop back and forth between cavity modes with time
scales that are fast compared to the drive frequency. We
used a Fabry-Perot interferometer to study the frequency
spectrum of the laser. When the Brewster plate was not
used, the laser would lase in several cavity modes simul-
taneously, and frequent hopping would occur. Optical
pumping was impractical in this case. When the audio
frequency was applied to the Brewster plate the mode
structure observed with the Fabry-Perot would break up
into what appeared to be random noise over many 6Hz,
and we were able to optically pump both hyperfine multi-
plets of the Rb.

The intensity of the pumping light is kept constant to
within a few percent by a Coherent 307 noise reducer,
which splits off part of the beam to provide feedback to
an electro-optic modulator through which the main beam
travels. The beam then passes through a quartz quarter-
wave plate (A, /4 at 800 nm) and is expanded to about 2.5
cm diameter before entering the main cell. A trio of or-
thogonal Helmholtz coils cancel out the earth's magnetic
field and maintain a constant longitudinal magnetic field
B of a few gauss, which corresponds to the polarization
axis of the circularly polarized photons.

OVen .f cods

I-II- . II
Switch = HP

ik lk

III. EXPERIMENTAL RESULTS

A. Rubidium wall relaxation

Circular Beam
polarizer expander
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FIG. 2. A schematic representation of the polarization and

detection apparatus. In the configuration shown, optical pump-

ing was accomplished using a ring dye laser. Included in the di-

agram are a Hewlett Packard Model No. 3325A frequency syn-

thesizer (HP) that was used for generating an oscillating mag-

netic field, and an IBM model XT personal computer (IBM XT)
that was used for data collection. The fluorescence from the Rb
vapor was detected by a photomultipher tube (PMT) equipped
with an interference filter that selectively transmitted the Rb Dl
line (D& filter).

The average rubidium wall relaxation rate yzb is mea-
sured by monitoring the transmission of circularly polar-
ized light though the cell as the vapor becomes polarized.
A rubidium vapor lamp' may be used for this purpose.
Such lamps have the advantages of very low intensity
fluctuations (shot-noise limited) and reasonably complete
Doppler and hyperfine frequency coverage due to pres-
sure broadening by the inert gas and the discharge in the
bulb. Some of the light travels through an interference
filter that selectively passes the rubidium D, line but
blocks the D2 line, and then continues through a circular
polarizer before being focused into the cell by a spherical
lens. The transmitted light is focused by another spheri-
cal lens onto a photomultiplier tube detector.

The transmission IT through a cell of length L and po-
larization (J, ) is
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—[Rb]oL(1—2|', J ) )

Ir Ioe

where cr is the absorption cross section and Io is the in-

tensity of the pumping light. If the cell is optically thin
([Rb]o.L ( 1), then we can express the time dependence of
the transmitted light by

I—=2[Rb]oLI —(J ) .d d
dt T dt

We therefore assume that the transmitted light closely
tracks the rubidium polarization. The time evolution of
the rubidium and hydrogen polarizations may be qualita-
tively described by a simple model which ignores the nu-
clear spin:

&Rb r 2(J &Rb) YRb( Jz &Rbdt
—[H)(o U &((J, ) —(J, &„),

= —Y' (J, ) —[Rb](oU&((J, &
—(J, &„,),
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FIG. 3. Exponential rise curve of the transmitted light vs

time, corresponding to the exponential rise of the rubidium po-
larization following a depolarizing rf pulse. The rate constant is

2I /3+y&b=11. 0 sec ' in this case.

where I is the average absorption rate for unpolarized
atoms, yRb and yH are the measured spin-relaxation rates
for rubidium and hydrogen, [H] and [Rb] are the hydro-
gen and rubidium concentrations, and (cr U ) is the
velocity-averaged Rb-H binary spin-exchange cross sec-
tion. The measured relaxation rates yRb H are the sum of
the wall relaxation rates yRb H and the rates at which the
atoms escape the cell, y, (Rb H).

.

2vA,
(9)

where A, is the total area of all the capillary apertures, V
is the cell volume, and v is the average atomic velocity.
We find y, =1.3 sec ' for rubidium and 12 sec ' for hy-
drogen atoms.

In the absence of atomic hydrogen, the rubidium polar-
ization evolves as

21 /3+'YRb

It can be shown that due to the nonzero nuclear spin, the
slowest exponential rate actually has the value
fl(21"/3+ Yab) (neglecting capillary losses), where
fr=2(2I+ 1) is the correction factor due to the nu-

clear spin in the limit of slow spin exchange. ' ' " Hence
the buildup of the transmitted light may be described by
a single exponential after sufficient time has elapsed for
the faster exponentials to decay.

To observe the time dependence of the transmitted
light, the rubidium atoms are first depolarized by applica-
tion of an rf pulse of duration —100 msec at the frequen-

cy of the Rb hyperfine Zeeman transitions. In a longi-
tudinal magnetic field of about 0.65 G, this means
co=300 kHz. This magnetic field strength is too low for
the individual Zeeman transitions to be resolved, so all of
the AmF=+1 transitions will be driven and the Rb will

become completely depolarized. When the depolarizing

15
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FIG. 4. Exponential rise constant of the transmission, plotted
vs the attenuation of the pumping light. The y intercept is the
measured relaxation rate y R&

=2. 1 sec

rf is switched off, the rubidium polarization is allowed to
buildup until well after it reaches equilibrium, typically
for 500 or 1000 msec. The sequence of a short Zeeman
pulse followed by a long polarization buildup is repeated
many times in order to signal average the transmitted
light, as shown in Fig. 3. The curve of transmission
versus time is then fit to a single exponential, beginning
the fit at a point where enough time has elapsed that the
faster exponentials have decayed away. The spin-
relaxation rate yRb is extracted from the total exponential
rate by taking a series of rate measurements such as the
one shown in Fig. 3, using neutral density filters to at-
tenuate the lamp beam by different factors for each mea-
surement, and extrapolating these measured exponential
rates to zero pumping light. Such a linear extrapolation
is shown in Fig. 4. In general, the rate measurements
were made at room temprature in order to ensure that
the rubidium vapor was optically thin.

The slowest relaxation rate observed in a recently
cured cell at room temperature was 2.1 sec ', while rates
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where J„is the x component of the angular momentum
operator J, and nF is the sublevel population. This ex-

pression is only valid in the limit of low rf power. The
square of the matrix element of J, is proportional to
(F+mF)(F+1 —mF), which in the case of hydrogen is
equal to 2 for both transitions of interest. Thus, for hy-
drogen, S ~ ( n F n~— , ).

Under our experimental conditions, the hydrogen or
deuterium sublevel populations are expected to be in a
spin-temperature equilibrium, ' and can thus be de-
scribed by a single spin temperature parameter /3 accord-
ing to the relation

PmF
e

F PmF
e

F, mF

(15)

Narrowing our attention to hydrogen, we define S, and
Sz to be the Rb fluorescence signals corresponding to the
Zeeman transitions mF=1 mF=0 and mF=0 mF= —1, respectively, and we use (14) and (15) to obtain the
ratio

S& e~—1 p=eP.
l —e ~

The measured value of P= 1n(S&/Sz) is used to deter-
mine the hydrogen polarization:

The uncertainty in the hydrogen polarization is given by

b(2( J, )H) =—1 AS pPsech —,
2 QS'+S'

where AS is the noise level.

D. Hydrogen and deuterium signals with lamp pumping

ing a Rb resonance lamp as the optical pumping light
source. The Zeeman transitions are driven by a trans-
verse oscillating magnetic field created by a pair of rf
coils, as indicated in Fig. 2. Since the spin exchange rates
are typically above 50 Hz and the rf is off for several time
constants, there is adequate time for the polarization to
build up.

The Rb fluorescence signal S is proportional to the net
number of hydrogen or deuterium spins flipped by the
Zeeman rf, thus

S~ ((F,mF 1(J„—(F,mF)( (nF nF— , ), (14)
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FIG. 6. Deuterium signals by lamp pumping. The polariza-
tion is about 2(J, )D =0.20. These scans were taken with a cell
temperature of 74'C, a Rb reservoir temperature of 48'C, an rf
discharge power of 68 W, and an rf discharge pressure of 0.21
Torr.

larization is 2(J, )H=0. 24. For good paraffin coatings,
we typically get hydrogen polarizations of
2( J, )„=0.20 —0.25 with the lamp (total incident power
-10 pW). These polarization are comparable to those
achieved by Holt et al. using laser optical pumping in
similar experiments in which silicone wall coatings are
used. We note, though, that in the work by Holt et al.
the hydrogen densities were considerably higher than was
the case for the measurements shown in Fig. 5. Never-
theless, these lamp results demonstrate the advantages of
the paraffin wall coating.

We have also polarized atomic deuterium with the res-
onance lamp, and get polarizations of about 2( J, ) D
=0.20, as shown in Fig. 6. Although there are four pos-
sible hyperfine Zeeman transitions in deuterium, there are
only three signals because the two mF= —,'~ —

—,
' transi-

tions are not resolved. This suggests that the wall relaxa-
tion and spin-exchange properties of deuterium are not
significantly different from those of hydrogen, and that
this spin-exchange polarization technique is of compara-
ble efficiency for all the hydrogen isotopes.

The rubidium resonance lamp is an extremely stable
light source, and thus provided a valuable means for
studying the polarized-hydrogen signals in addition to the
laser. When the signal-to-noise ratio of the lamp signals
was too low, the laser signals would inevitably be prohibi-
tively noisy. Figure 5 shows typical lamp-pumping hy-
drogen signals for both helicities of the pumping light.
When the circular polarizer is rotated through 90', the
helicity of the pumping light is reversed and the relative
signal heights are inverted. In this case, the hydrogen po-

K. Hydrogen signals with laser pumping

Given the result 2( J, )H =0.25 for ( 10-pW lamp
pumping, one would expect to obtain a very high polar-
ization using a single-frequency ring dye laser with —100
mW of power. The hydrogen signals obtained by pump-
ing with the ring dye laser locked to a single frequency
are shown in Fig. 7. The noise level is about as low as the
noise in the lamp signals. The polarization is only
2(J, )H=0. 45(1) for the single-mode laser. The unex-
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2(J, )H=0. 67(10). These scans were taken with a cell temperature of 83'C, a Rb reservoir temperature of 52'C, an rf discharge

power of 2.5 W, and an rf discharge pressure of 0.30 Torr.
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pectedly low polarization is due to selective hyperfine

pumping. Since the laser is only about 1 MHz in width
in this configuration, and the hyperfine separation in Rb
is several GHz, we are only able to pump out of one
hyperfine multiplet. With the frequency tuned to pump
the lower hyperfine multiplet, we typically get
2(J, )H=0. 40—0.45, but we get 2(J, )H(0. 10 when

pumping the upper hyperfine multiplet. This is in reason-
able agreement with calculations.

In order to obtain adequate hyperfine coverage, we
used the laser frequency-jittering technique mentioned
earlier, in which the scanning Brewster plate is driven to
smoothly vary the cavity length, resulting in a fairly
smooth distribution of the frequency spectrum of the out-
put beam. A typical pair of laser hydrogen signals ob-
tained using this technique is shown in Fig. 8. From the
relative heights of the peaks, the average atomic hydro-
gen polarization is determined to be 2(J, )H
=0.67(10). Both of the traces shown in Fig. 8 are the
average of ten sweeps. The hydrogen polarization pro-
duced with the laser in the frequency-jittered
configuration was typically 2(J, )H -0.60—0.70. The
best polarization was 0.72(6).

In addition to the laser power Auctuations and frequen-
cy drift, another important source of systematic uncer-
tainty in this experiment is that the Zeeman rf partially
depolarizes the atoms, so the polarization we measure is
always somewhat less than the true equilibrium polariza-
tion. This is equivalent to the statement that Eq. (14) is
valid in the limit of low rf power. To illustrate this effect,
a typical measurement of the Zeeman rf amplitude
dependence of the hydrogen polarization (produced by
lamp pumping, in this case) is shown in Fig. 9. The
laser-polarized hydrogen signals shown in Figs. 7 and 8
were acquired with the depolarizing rf amplitude set as
low as possible. Therefore, the polarization values we re-
port are thought not to be significantly underestimated.
Also, since the lock-in averages during a period when the
polarization starts at zero and builds up to its steady-
state value, the measured polarizations may be underes-
timated by several percent.
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FIG. 9. Dependence of the hydrogen polarization on the am-

plitude of the depolarizing rf. The rf must be minimized be-
cause the magnetic resonance fields used to measure (J, ) tend
to reduce ( J, ).
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G. Radiation trapping limit

Given our high laser pumping rates and low wall relax-
ation rates, one would expect to be able to increase the
hydrogen polarization by increasing the rubidium densi-
ty, thereby increasing the spin-exchange rate. However,
we observe a severe diminuation of the hydrogen signals
at rubidium densities above -2X10" atoms/cm . We
attribute this to radiation trapping, in which the optically
thick rubidium vapor is depolarized by multiply scattered
photons. Figure 10 illustrates the theoretical limit of
spin-exchange optical pumping due to radiation trapping.
The curve of (J, ) ab versus temperature is calculated by
a Monte Carlo simulation of radiation trapping. The
curve of (J, )H/( J, )Rb versus temperature is obtained
from Eq. (19) assuming that the Rb density is given by
Eq. (2), (tTU) =5.5X10 ' cm sec ' and yH=20 sec

F. Hydrogen wall relaxation 0.80- +J+Rb

We may use the highest laser polarization measure-
ments to estimate yH. The steady-state hydrogen polar-
ization is given by

)H [Rb](ou )
(J, )Rb [Rb](tTU )+yH

We have measured the rubidium polarization to be about
2(J, )„b=0.90, and the hydrogen polarization to be
about 2(J, )H=0. 70. With a spin-exchange rate
[Rb](cru) =110 sec ', we use (19) to find that yH=31
sec '. By Eq. (9), the capillary loss rate for hydrogen is
about 12 sec '. Subtracting this from the measured rate,
we get for the wall relaxation rate yH=19 sec '. Inser-
tion of the hydrogen numbers in Eq. (11) yields
NH =7600 wall bounces on paraffin. This is comparable
to the —10 wall bounces reported by Goldenberg et a1.
for hydrogen in a paraffin-coated cell.
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FIG. 10. Calculated Rb and hydrogen polarizations as a

function of temperature. Although spin exchange becomes
more efficient as the temperature increases, the alkali-metal po-
larization decreases due to radiation trapping. the maximum

hydrogen polarization is obtained between the two extremes.
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The bold-style curve of (J, )„versus temperature is the
product of these two. The calculations indicate that the
optimum rubidium density for spin-exchange optical
pumping of hydrogen with our experimental setup is
about 10" atoms/cm, which corresponds to T=45'C.
The theoretical hydrogen polarization peaks at about
2(J, )H=0. 62, which is comparable to the highest polar-
ization produced experimentally, 2( J, )H =0.72. The
difference may be due to underestimation of (0 v ), which
is only known to about a factor of 2. For (ov) =10
cm sec ', the peak hydrogen polarization would be
2( J, )H=0. 72, which is in better agreement with our ob-
servations. Further experiments could be desirable to ex-
amine this problem of radiation trapping.

IV. CONCLUSIONS
We have shown that it is possible to produce highly

spin-polarized atomic hydrogen by spin-exchange optical
pumping with Rb. The technique for preparing and
maintaining high-quality paraffin wall coatings has led to
low wall relaxation rates, which allow the rubidium
atoms about 9000 bounces and the hydrogen atoms about
7600 bounces before randomization of F, . We have
achieved atomic hydrogen polarization as high as
2(J, )„=0.72(6). In principle, this method of polariza-
tion may be used to produce highly polarized deuterium
and tritium atoms. We believe that the hydrogen polar-
ization is presently limited by radiation trapping at high
rubidium densities.
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