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The use of high-power Ga& Al As diode laser arrays for optical pumping of Rb vapor has been
examined both theoretically and experimentally. Our studies show that large atomic polarizations
can be obtained using the broad spectral output of a diode laser array if the Rb resonance line
is collisionally broadened by several atmospheres of a buffer gas. The objective was to study the
effectiveness of diode laser arrays as light sources for optically pumped spin-exchange polarized He
targets. The average Rb polarization was deduced at three different Rb vapor pressures using the
polarization induced in the He buffer gas. The largest He polarization observed was 53'P0 using a
20-W diode array with 1.9-nm full width at half maximum spectral width in 10.5 amagat of He.
This result compares favorably with other light sources for this target. The measured average Rb
polarizations are compared to theoretical calculations.

PACS number(s): 32.80.Bx, 42.55.Px, 42.62.—b, 29.25.Pj

I. INTHGDUCTIGN

In the past several years, the development of high-
pressure, highly polarized He samples has facilitated
many important experiments in atomic, nuclear, and par-
ticle physics. In these high-pressure targets, He atoms
are polarized by spin-exchange collisions with optically
pumped Rb metal vapor. He targets polarized in this
manner have been used for a variety of experiments uti-
lizing muon, pion, neutron, polarized proton, and polar-
ized electron beams [1—10]. The experiments included
deep inelastic scattering of polarized electrons from po-
larized He [1] to measure the spin structure function of
the neutron, polarization of epithermal neutron beams
using polarized sHe as a spin filter [2—4], polarized proton
scattering from polarized He [5,6], production of polar-
ized muonic He [7,8], and elastic pion scattering from
polarized He [9,10].

The work presented in this paper was performed us-
ing the spin-exchange polarized He target developed
at TRIUMF [ll]. This target was used for the proton
and pion scattering experiments mentioned above. In a
spin-exchange polarized He target, the polarization of
the He nucleus occurs during collisions with spin po-
larized Rb atoms via the contact hyperfine interaction
between the He nuclear spin and the Rb atomic spin.
The Rb atoms are spin polarized by optical pumping of
the 5 SiI2 -+ 52PiI2 transition (Dl spectral line) using
circularly polarized light propagating parallel to a weak
magnetic Beld. Since the time scale for spin-exchange [10
h for a Rb density of (3 —4) x 10 cm ] is much larger
than the optical pumping time scale (1 ms), the steady

state He polarization is directly proportional to the av-
erage Rb polarization. The proportionality between the

He polarization and the Rb polarization will be used to
estimate values for the average Rb polarization.

The optical pumping of Rb for He polarization was
first accomplished using resonance lamps, then dye lasers,
and more recently Ti:sapphire lasers. The use of a diode
array as the optical pumping source for the production
of polarized He by spin-exchange with Rb vapor was
demonstrated first by Chupp and Wagshul [12]. It was
shown that the 0.5-% diode array could produce polar-
izations comparable to dye lasers, in spite of its much
wider linewidth. Shortly after publication of their work,
the Ti:sapphire laser was introduced [ll] with cw out-
puts approaching 6 W, making it the best choice for this
application. Ti:sapphire lasers were adopted for most
of the recently performed experiments described above.
The power available from diode arrays has increased sig-
nificantly over the past few years. The prospect that a
currently available high-power (20-W) diode array could
match the optical pumping eKciency of a Ti:sapphire
laser at an order of magnitude less cost has motivated
us to reexamine theoretically and experimentally the use
of diode arrays.

II. THEGHY

The theory of optical pumping of Rb vapor in the pres-
ence of a He buffer gas has been presented many times in
the literature [11—15]. As mentioned above, Ref. [12] pre-
viously examined the case of a broadband Ga» Al As
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PRb(z) = '7 (z)
V+(z) + I'sD

and the power absorbed inducing that polarization is

Az [Rb]p+ (z) I'sDal+z =—
(z) + I'sD

In these expressions, I+ is the number of circularly polar-
ized photons cm s, [Rb] is the Rb density in atoms
cm, Az is the distance step in cm, I'SD is the spin-
destruction rate in s, and p+(z) is the photon absorp-
tion rate for circularly polarized photons. This rate is
defined as

(z) = 4+(v, z)o. (v)dv,

where 4+(v, z) is the fiux of circularly polarized photons
(GHz cm s ) at a frequency v and 0 (v) is the cross
section for absorption of linearly polarized photons by
unpolarized Rb vapor near the Rb D1 line. This reso-
nant cross section is centered around the wavelength Ao

(frequency vo) and can be described as [11]

diode laser light source. Therefore, only formulas rele-
vant to the present calculations are presented here. The
most important formulas for these studies have been
derived from the solution to the optical pumping rate
equation under the following assumptions. It has been
assumed that collisional mixing in the excited 5 Piy2
state due to a small amount of N2 quench gas results
in equal probability of deexcitation to the m, = +1/2
and m, = —1/2 substates of the ground state. In ad-
dition, Huorescence of excited state Rb atoms has been
ignored. The polarization of the Rb vapor as a function
of distance in a uniform He burr gas is

amagat is a unit of density corresponding to 1 atm at
O'C), the nuclear spin independent psR has been mea-
sured [17] to be an order of magnitude larger than psE.
These earlier measurements of Rb spin destruction in the
helium isotopes [17] were made for He densities less than
0.7 amagat at a temperature of 578 K and cannot be
directly applied to the present work. Larson et al. [11]
have measured I'SD as a function of He density near 450
K. Using their results, we calculate the total contribution
to the spin-destruction rate from Rb- He collisions. For
the 10.5-amagat cell used here, we obtain USE + psR ——

610 s . By comparison, for [Rb]= 4.0 x 10 cm
contributes only 332 s . In previous work [2,3,12—14],
the contributions to I'sD from Rb-He collisions were not
included. In this discussion, we have ignored a small
contribution to I SD from N2-Rb collisions. This contri-
bution, which is due to the 0.13 amagat N~ quench gas in
the cell, can be estimated from previous measurements
[17] performed at similar N2 densities. From these earlier
measurements, the size of this contribution is limited to
(32 s '.

The salient features of diode laser arrays for the optical
pumping of Rb are illustrated in Fig. 1. The Rb D1
absorption cross section is shown as the solid curve. The
asymmetric part of the cross section has been ignored and
the width has been set to 235 GHz, the measured width
for the 10.5-amagat cell used in this work. Also shown as
the dotted curve is a 1.9-nm full width at half maximum
(FWHM) Gaussian spectral profile of a diode laser array.
This line shape and width are similar to the diode laser
used for the measurements in this paper. Even for the
high-density He cell, the linewidth of the array is much
wider than the absorption linewidth. This makes the

, 8

, (4) K
6—

where hv = (v —vo) is the detuning parameter in GHz,
I' is the collisionally broadened width, and I'„ t is the
natural linewidth (5.66 MHz) . The remaining parameters
describe the asymmetric portion of the cross section and
have a negligible eKect on the results presented here.

Rb spin-destruction is dominated by Rb-Rb and Rb-
He binary collisions. The total Rb spin-destruction rate
I'SD can be expressed as the sum of these contributions,

.0 I

D —QRb+ f E+ +SR. (5)
798 793 794 795 796 797 798

Wavelength (nrn)

The first term pRb describes the contribution from Rb-Rb
collisions

pRb = (asDv) [Rb].

This rate has been measured [11,16 and we use the result
of Ref. [11]: (crsDv) = 8.3 x 10 ~s cm s ~. The other
terms (psE and psR) represent the spin-destruction rate
&om the He-Rb spin-exchange and spin-randomization
collisions, respectively. Of these rates, which are both
proportional to [ He], the He density in amagats (an

FIG. 1. Absorption of diode laser light used for optical
pumping. The solid curve shows the line shape of the Rb Dl
absorption cross section, which has been collisionally broad-
ened from the presence of 10.5 amagat of He. The dotted
curve shows the Gaussian line shape of a 1.9-nm FWHM
diode laser array. This linewidth is much larger than the
absorption cross section. The dashed curve shows the diode
laser line shape after it has passed through 1 cm of Rb vapor
([Rb]=- 4.0 x 10 cm ). Even though much of the power at
the central frequencies of the diode laser has been absorbed,
the diode laser continues to optically pump the Rb.



CUMMINGS, HAUSSER, I.ORENZON, SWENSON, AND LARSON 51

optical pumping eKciency relatively insensitive to laser
detuning eÃects. The dotted curve in Fig. 1 shows the
diode array line shape after the circularly polarized light
has passed through 1.0 cm of Rb vapor at a density of
4.0 x 10 cm . Most of the power at the wavelengths
near the absorption maximum has been spent. However,
the remaining power can still be absorbed and continue
optical pumping. Thus the large bandwidth of the diode
laser array can be electively used to pump the Rb vapor.

As in the previous work by Chupp and Wagshul [12],
we have calculated the Rb polarization [Eq. (1)] by nu-
merically evaluating the p+ integral [Eq. (3)] and then
removing the appropriate power density [Eq. (2)] from
the incident laser light. The incident laser light was as-
sumed to be 100'%% circularly polarized and the frequency
profile was assumed to be Gaussian.

Figure 2 shows the result of using a Gaussian approx-
imation for the laser spectral line shape: the Rb polar-
ization as a function of distance in 7 amagat of uniform

He gas with Rb vapor density of 4.0 x 10 cm . The
solid line shows the polarization induced from 15 W of
light from a diode laser array having a spectral linewidth
of 1.9 nm FWHM and a Gaussian profile. This should be
compared with the dotted line in Fig. 2, which shows the
calculation of the polarization induced by the diode laser
actually used. The calculation was modi6ed to include
the measured diode line shape and power (see below).
Since the results are similar, and to preserve generality,
the Gaussian line shape was used for the remainder of
the theoretical calculations.

Figure 3 shows the Rb polarization vs distance for four
diferent He densities between 3 amagat and 10.5 ama-
gat. In each case the solid line represents the polarization
induced by 15 W of light from a diode laser array having
a spectral linewidth of 1.9 nm FWHM. For comparison,
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FIG. 3. Rb polarization vs He density. Shown is the cal-
culated Rb polarization vs distance for four different densities
of the He bufFer gas. In each plot, the solid line is the re-
sult for a 15-W diode laser array with a Gaussian line shape
(1.9 nm FWHM). By comparison, the dotted line in each plot
shows the results of the calculation with an 8-W Ti:sapphire
light source as input.

we show as the dotted lines in Fig. 3 the polarizations in-
duced fram 8 W af Ti:sapphire laser light (FWHM of 0.04
nm), which is typically available from two Ar+ pumped
laser systems. All calculations assume that the full rated
power of the laser beam can be uniformly expanded to the
nominal 6.5x4.5 crn cross sectional size of the He glass
cell used in the LAMPF experiment [10] for which these
calculations were originally done. For densities above
a few amagats, the diode laser array compares favorably
with Ti:sapphire lasers as a light source for optical pump-
ing of Rb.

Our calculations show that a high-power diode laser
array can provide the high Rb polarizations necessary
for e8'ectively polarizing He by spin-exchange. To ex-
perirnentally test these predictions, we have measured
the He polarization induced by optically pumping one
of the TRIUMF targets using only a diode laser array.

III. EXPERIMENTAL TECHNIQUE

0 3 6 9 12
Distance (crn)

FIG. 2. Comparison of a 15-W Gaussian 1.9-nm FWHM
diode laser array with the diode laser actually used. The Rb
polarization vs distance is shown for a diode laser propagating
through 7.0 amagat of He gas with [Rb]= 4.0 x 10 cm
The solid line was calculated for a 15-W diode laser array
with a Gaussian line shape (1.9 nm FWHM). This is to be
compared with the dotted line, which was calculated using
the measured power and line shape from the diode laser used
in this paper.

The targets used in our experiments are Corning 1720
glass cells 6lled with several atmospheres of He gas and
with smaller amounts of N2 to allow radiationless deexci-
tation of the Rb resonance lines. A small amount of Rb
metal is deposited in the cell, which is partially vapor-
ized when the cell is heated. The glass cell is mounted in
an oven made of the polyimide VESPEL. Windows con-
sisting of two layers of 25-pm kapton separated by an air
gap of 6.4 mrn were used to reduce heat loss and thermal
gradients within the oven. The oven was operated at a
temperature of 450 K to produce a Rb density of 4 x 10
cm . A vertical holding Beld of 3 mT is produced by
a set of 1-m diam Helmholtz coils. The techniques used
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FIG. 4. Schematic diagram of the optical pumping appa-
ratus.

in the manufacture and operation of the cells have been
published elsewhere [11,19].

For the measurements presented in this paper, we used
a cell that was previously used at TMUMF as a polarized

He target for elastic pion scattering measurements [24].
This cigar shaped cell is 8 cm long, has a 2.4 cm inner
diameter, and. an inner gas volume of about 35 cm ~ The
glass wall thickness in most of the cell is 1 mm, but is
considerably thinner (100 pm) in the end caps where the
beam enters and exits the target. The cell contains 10.5
amagat of He and about 0.13 amagat of N~. This He
cell is one of the highest density cells made at TRIUMF.
It was chosen for this work to take full advantage of the
collisionally broadened width of the D1 line.

The equipment required for operating the diode laser
was modest. Figure 4 is a diagram of the setup, which
consisted of the laser, a water cooled heatsink, a wa-
ter chiller, a dc power supply, circuitry and interlocks
for protecting the laser, and optics for collimating the
beam. The laser (Spectra Diode Laboratories model
SDL-3460-S) is a 1 cm long by 1 pm wide linear array
of 24 Gaq Al As diodes, which produces 20-W cw out-
put with 30 A of drive current. The laser cooling was
provided by a water and ethylene glycol chiller (Neslab,
HX-75 modified) capable of 14 liter/min flow at 2.7 bar
with temperature control (accuracy 6 0.5'C). The laser
was mounted to a heat sink (SDL-830-S) using a 50.0-
pm-thick layer of indium foil to increase the thermal
contact. The temperature of the diode case was mon-
itored by thermistors attached to the mounting screws.
Tuning the &equency of the laser was accomplished by
changing the temperature settings of the chiller. Figure
5 shows measurements of the laser frequency distribu-
tion carried out with a 0.5-m monochromator (100 pm
slit width) for two difFerent chiller settings. Operation
at the Dl resonance line of Rb at 794.8 nm required a
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FIG. 5. Measurements of the diode laser line shape at
two difFerent temperatures. The open circles represent the
measurements at a case temperature of T = 26'C (chiller,
T = 18'C) and give a centroid of 800.6 nm. The filled cir-
cles give the same data at a case temperature of T = —2.7
'C (chiller: T = —10'C) and have a centroid of 794.2 nm.
The error bars shown were calculated by doing two consecu-
tive scans and comparing the results. For the points where
the error bars cannot be seen, the error is less than the size
of the plotting symbol. Interesting features of these data are
the asymmetric frequency distribution with a 1.9 nm FTHM,
which narrowed by 10% at the lower temperature, and the
frequency distribution, which appears smooth, without mode
structure. The lack of mode structure is a result of the large
number of independent emitters.

case temperature of —1.0 C. Because of the low operat-
ing temperature, the insulating housing was continuously
purged with dry nitrogen from the boiloB' of a liquid ni-
trogen Dewar to prevent condensation, which could dam-
age the laser facet. A less expensive chiller could be used
if shorter wavelength diodes are purchased. A more ef-
Gcient heat sink would also lessen the demands on the
chiller. Operation at a temperature above the dew point
would not require the dry nitrogen purge.

The laser diode is powered by a dc power supply capa-
ble of delivering up to 30 A at 3 V. Two additions were
made to circuitry recommended by the manufacturer to
give added protection. A primary consideration is pro-
tecting the diode from current transients that raise the
optical power above the damage threshold of the facet.
Our erst laser was progressively damaged by 60-A 1-ps
current spikes that were induced by closing a shorting
switch at high current (the manufacturer recommends a
switch for short circuiting the diode. The diode is shorted
out of the circuit before turning the power supply on or
off or before making adjustments). To prevent a recur-
rence, a string of silicon power diodes across the laser
was added to clamp the voltage to a safe level (within a
few tenths of a volt of the voltage drop across the diode).
The turnofF procedure was also changed: the current was
fjrst reduced to zero and then the shorting switch was
closed before turning ofF the power supply. The other
addition to the circuitry was a Qow meter with an inter-
lock to turn the power supply ofF if the cooling water fIow
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to the laser was interrupted. It was found that turning
the supply oK was less likely to cause current transients
than the original scheme of closing the shorting switch.

The light output of the diode array is highly divergent
and asymmetric, with a nonuniform power distribution.
The manufacturer specifies the beam divergence angle
FTHM as 30 perpendicular to the diode strip and. 10
parallel to the strip. The intensity is greater at the edges
of the beam than the center. An additional nonunifor-
mity arises because the 24 beamlets do not fully overlap.
The beam is collimated and expanded using four lenses as
shown in Fig. 4. The first lens was cylindrical with a fo-
cal length of 12.7 mm. It is spaced one focal length from
the diode to minimize the divergence perpendicular to
the diode strip. The second lens is cylindrical with a fo-
cal length of 40 mm. It is spaced approximately one focal
length from the diode array to minimize the divergence
parallel to the diode strip. The two lenses produce a
collimated beam, which passes through the quarter wave
plate. It is important that the light is linearly polarized
and parallel at the quarter wave plate, to minimize el-
liptical polarization. The detrimental efFect of elliptical
polarization is discussed. below. The linear polarization
was measured using a Gian polarizer and the extinction
ratio was 20:l. After the quarter wave plate, a Gallilean
beam expander expands the beam size to the size of the
glass cell.

IV. DATA ANALYSIS

where P, is the initial (t = 0) and M is the asymptotic
(t —+ oo) value of polarization, which is given by

QsE +Rb

QSE+ I (8)

where USE is the spin-exchange rate and I' is the to-
tal spin-relaxation rate from eB'ects other than spin-
exchange. The spin-exchange rate is given by

The effectiveness of the diode laser array for optical
pumping of Rb vapor was measured indirectly by mon-
itoring the He polarization in the glass cell. The po-
larization of the He gas was measured using adiabatic
fast passage (AFP) nuclear magnetic resonance (NMR).
This signal was normalized by comparing to the much
smaller AFP NMR signal from a water filled glass cell
of similar size. A detailed description of this technique
for measuring the polarization can be found elsewhere
[3,11,13,14,18].

For the present measurements, the He polarization as
a function of time is shown in Fig. 6. The polarization
was measured approximately every 8 h over a period of
about 80 h. These ten measurements are shown as the
filled circles on Fig. 6. It is well known [11,13] that the
time evolution of the He polarization should follow the
curve

T=443 T=458

0

0

.0
0 20 40 60 80

Time (hours)
100

I IC. 6. Measured He polarization is shown as a function
of time. The closed circles show the measurements of the He
polarization by AFP NMR. The solid line is a fit to the data
(see the text). The maximum polarization was 53%.

where (osEv) is the velocity averaged spin-exchange cross
section. The temperature of the glass cell determines the
Rb number density.

In previous work [11], the value of I' was measured
through the decay of the He polarization at room tem-
perature (where the Rb vapor pressure is so low that
there is no spin-exchange contribution) and it was as-
sumed to be independent of temperature. This cold spin-
relaxation rate has been measured for the cell used for
these data and has the value I'(300) = 1/59 h i. How-
ever, a recent publication [19] has shown that this is not
a valid assumption. They calculate the spin relaxation in

He due to the magnetic dipole-dipole coupling between
the He nuclear spins and find that this relaxation rate
can be expressed as (at 23 C)

I dipole—
744

I other + ~dipole-

At room temperature, the spin-relaxation rate from other
interactions is given by

For our 10.5-amagat cell, this leads to a contribution to
the cold relaxation rate of 1/70. 8 h . This theoretical
calculation [19] of the dipolar relaxation rate is consis-
tent with empirical limits based on fitting observed re-
laxation rates in He cells of various densities [20]. The
difFerence between our measured cold relaxation rate and
the prediction from the dipolar relaxation interaction is
due to other spin-relaxation interactions caused by mag-
netic G.eld inhomogeneities, wall collisions, and collisions
with paramagnetic impurities. Therefore, the total He
spin-relaxation rate can be expressed as the sum of two
contributions

psE = (crsEV) [Rb], (9)
which yields a value of I ti,„=1/354 h . Newbury
and collaborators [19] show that the magnetic dipolar



OPTICAL PUMPING OF Rb VAPOR USING HIGH-POWER. . . 4847

TABLE I. Results of a fit to the He polarization data. Fitted parameters are shown with both
fitting and systematic errors. See the text for details.

T (K) [Rb] (10' )
451 3.95
443 2.75
458 5.37

r-' (h)
65.1+2.5
64.9+2.5
65.3+2.5

P,
0.010+0.001
0.492
0.531

(~sE) ' (h)
10.68+0.01+0.57
15.2
7.9

M
0.498+0.001+0.025
0.539+0.002+0.027
0.423+0.001+0.021

spin relaxation has a temperature depend. ence that re-
duces the spin relaxation with increasing temperature.
Therefore, the I used in Eq. (7) must be extrapolated to
the temperature used. The extrapolation of the magnetic
dipolar contribution I'~;~ ~, has been performed using the
calculation shown in Fig. 2 of Newbury et al. [19]. The
temperature dependence of the other relaxation interac-
tions I' &h, is unknown and introduces a systematic error
to our extrapolation. We have performed the extrapola-
tion assuming that there is no temperature dependence of
I' qh, . These results are shown in Table I for the temper-
atures of our measurements. The systematic error on the
extrapolation has been estimated by using two very dif-
ferent models for the temperature dependence of I' th„.
If the spin-Hip probability per interaction is small, the re-
laxation rate scales with T ~ . If the relaxation mecha-
nism is rare interactions with trace impurities (assuming
no temperature dependence for the impurity density) in
the sample, the relaxation rate scales with collision fre-
quency or T ~ . The systematic error has been estimated
by using these models as extrema of the temperature de-
pendence of I' the, and is also shown in Table I as the
error on 1. For the temperatures used in this work, the
systematic error is only 4% due to the dominance of the
magnetic dipolar contribution. The new values of I' of
about 1/65 h i from this extrapolation are significantly
smaller than the room temperature measurement. The
importance of this difference is evident in its efFect on
the parameters we extract from our data. In particular,
it has the effect of increasing the extracted values of the
average Rb polarization by 4—8%.

The data shown in Fig. 6 were measured at three dif-
ferent temperatures to investigate the efFect of varying
[Rb]. Each temperature change is shown by a vertical
dotted line in Fig. 6. The solid line shown in Fig. 6
is a fit to the data using Eq. (7). The results of this
fit are summarized in Table I. For the data with T=451
K, the fit was not constrained and P, , M, and USE were
all allowed to vary. However, for the other two temper-
atures the fit was constrained such that P; was fixed to
the value when the temperature was changed and USE
was extrapolated from the measured value at 451 K to
the new temperature using the temperature dependence
of the cross section [21] (osE oc T ) and the average
thermal velocity (v oc Trr2). This leads to

(451)rr 2[Rb(T)]
T r [Rb(451)]

where psE [451] was the value extracted from the first part
of the fit and the [Rb] was determined from the empirical
relationship of Killian [22]

jogio [Rb(T)] = 26.41 —4132/T —jogioT.

Thus for the data at these two temperatures (443 K and
458 K) the only adjustable parameter was M. For each
fitted parameter shown in Table I, the first error is the
error from the fitting procedure and the second error is
from systematic effects. Errors on the Gtted parame-
ters are dominated by systematic effects. The two major
sources of systematic error are the uncertainty in the ex-
trapolation of I' and the 5% uncertainty in the normal-
ization of the He polarization.

The value of (psE) extracted from the T = 451 K
([Rb]=3.95x10' ) fit to the data is 10.7 + 0.6 h. The
error in this value is dominated by the systematic error
from the extrapolation of I' to 451 K. There is no con-
tribution from the systematic error in the normalization
because it does not efFect the shape of the fitted curve.
Our value is in agreement with previous measurements
of psE by Larson et al. [11]at [Rb]=4.0 x 10 . However,
those measurements were made assuming no tempera-
ture dependence for I". If we make the same assumption,
our value of (psE) is shifted slightly to 10.9 h and is
still in agreement with Ref. [11].It should be noted that
previous measurements of psE [2,13] have given results
that are a factor of 2 higher than the present measure-
ment and the results of Ref. [11]. This discrepancy is
currently being investigated. One author [23] has called
for additional measurements of osE to resolve this issue.

The fitted values of M shown in Table I also have errors
dominated by systematic effects. In this instance, the
error is dominated by the 5% error in the He polarization
normalization and is unaffected by the systematic error
in 1". These fitted values of M can be used to extract
the average Rb polarization in the cell, PRb, using Eq.
(8) for each of the three temperatures. These values,
which are listed in Table II as PRb (Expt. ), are quoted
with an error that receives equal contributions from the
systematic errors on USE and M. These experimental
values can be directly compared to theoretical predictions
of the Rb polarization induced by the diode laser. From
Fig. 3, one would expect Rb polarizations near 100% in
a cell that is only 2.4 cm in diameter. However, these
extracted average Rb polarizations are jess than 75%.

T (K)
451
443
458

Pab (Expt. )
0.579+0.042
0.665+0.049
0.474+0.035

PRb (A)
0.8265
0.8853
0.7182

Pab (B)
0.7853
0.8549
0.6670

Pab (C)
0.7500
0.8327
0.6212

TABLE II. Comparison of the measured average Rb polar-
ization with theoretical predictions. The error on the mea-
sured value is dominated by systematic efFects. See the text
for details.
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To examine this discrepancy, the calculations were
modi6ed in several ways. Since the expansion optics
were changed slightly from the design configuration to
account for the longer cell, a direct measurement of the
laser power density (0.27 Wcm ) was made at the cell
location and used as input to all our theoretical calcula-
tions. A correction for an unpolarized layer of Rb near
the cell wall was also included. The thickness of this layer
has been estimated to be about 40 pm [ll], making its
contribution to the average Rb polarization in the cell
negligible. We have included this layer because of the
attenuation to the incoming laser beam power.

All of the previous calculations assumed that the Rb
vapor was uniform in thickness. However, the cell used
had a cylindrical cross section and the thickness varies as
illustrated in Fig. 7. The calculations were then modi-
fied to average the expected Rb polarization along each
chord of the cylinder and then all chords were averaged
to determine the cell average. These cell average results
are shown in Table II as the PRb (A) predictions. These
theoretical predictions are still much larger than the mea-
sured polarizations.

In the previous calculations, it has been assumed that
the incident laser light is 100% circularly polarized. For
the measurements presented in this paper, this was not
the case. Unfortunately, in the limited space available in
our apparatus, it was not possible to install a "clean up"
polarizer before the quarter wave plate. This led to in-
complete circular polarization of the incident laser beam.
The amount of polarization was measured using a liq-
uid crystal circular polarizer. This device transmits left-
handed polarized light with better than 97% efficiency,
while it reflects right-handed polarized light (transmis-
sion ( 0.03%). Measurements with this device indicated
that 5(+2)% of the incident laser photons had the wrong
helicity. The linearity of the diode laser polarization was
also measured and gave a ratio of 20:1, consistent with
the above measurement.

To accurately account for the impact of wrong helicity
photons, we rewrote the optical pumping rate equation
assuming the presence of both helicities, so that

dp- + Iso
P +'7 P++ —

2
(P+ P—)~

where p~ is the probability of G.nding a Rb atom in the
m, = +1/2 magnetic substate. To be consistent with
the formulas in Sec. II, p+ is the absorption rate for cor-
rect helicity photons and p is the absorption rate for
wrong helicity photons. This is a diferent treatment of

lass
Wall

incomplete circular polarization than in previous work
[ll], which we believe to be more illuminating because
photons propagating parallel to a magnetic field. cannot
induce Ir (Am, = 0) electric dipole transitions. When
this rate equation is solved, we obtain the analogous
equations [to Eqs. (1) and (2)] for the Rb polarization,
where

and the power absorbed is

AI+ = —4 [Rb]p+( ) 7+(z) + p-(z) + I'sD'

Therefore, when the laser beam enters the Rb vapor
environment, the correct helicity and wrong helicity pho-
ton beams propagate independently. The impact of in-
complete circular polarization is shown in Fig. 8. The
calculations shown in Fig. 3 for 7 amagat of He burr
gas have been modified to include wrong helicity photons
in the incident diode laser beam. Figure 8 shows the ef-
fect as the amount of wrong helicity photons is varied
between 0% and 15%.

We then added the eKect of incomplete polarization
to our theoretical prediction of the average Rb polariza-
tion. These results are shown in Table II as the PRb (B)
predictions. For these predictions, 5% of the incoming
beam was assumed to be wrong helicity photons. Again
the results are larger than the measured values.

To further explore this discrepancy, we did a detailed
calculation of the transmission of the laser light through
the cell wall. In particular, in light of the above results on
incomplete polarization, we were very interested in any
changes to the polarization of the incoming laser light.
As shown in Fig. 7, the laser light is not normally inci-
dent on the glass cell but instead is incident at angles up
to 90 away from the normal. A solution of the Fresnel
equations for this situation, assuming that the incident

0
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Laser
Liggit
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2 4 6 0 10

Dist. arlce (cII1)

FIG. 7. Cross section of a typical He target cell showing
incident laser (pumping) light.

FIG. 8. Effect of incomplete circular polarization on the
the induced Rb polarization in 7 amagat of He bufFer gas.
Curves are shown for values of the opposite helicity fraction
of the incoming beam between O'Fo and 15'Fo.
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FIG. 9. Solutions to the Fresnel equations for 100+o cir-
cularly polarized light shown as a function of incident angle
on the cell wall (0'=normal incidence). The solid line shows
the fraction of incident light transmitted in the same circular
polarization state as the incident beam. The dotted. curve
shows the fraction that is transmitted in the wrong" circular
polarization state.

V. CONCj USIONS

The discrepancy between the calculated theoretical Rb
polarization and the measured average Rb polarization
as measured by the He polarization has been seen in
previous work. The e8'ect has been less pronounced in
cells with smaller total volume than the cells used in the
present study. In similar sized cells to those used here,
the He polarization has been limited to about 60%, while
the available laser power should have pumped the cell to
about 80% [ll]. The investigation of the eff'ects of in-
complete polarization and transmission of the laser light
through the cell walls presented here has only been able
to account for part of this difference. As cited in previ-

light was 100% left-handed circularly polarized, leads to
the results shown in Fig. 9. The fractions of the incident
laser light transmitted as left-handed (solid curve) and
right-handed (dotted curve) circularly polarized light are
shown as a function of angle of incidence (away from the
normal). Near normal incidence, the transmitted light is
92% of the total incident light and has the same helic-
ity. This 8% difference comes from the 4%%up reflection per
surface. At large angles, the total amount of transmitted
light decreases and a small amount of opposite helicity
light is transmitted. These calculations were done as-
suming that the radius of the cell was much larger than
the thickness of the glass and thus the light within the
cell was parallel to the incident light.

The results for transmission through the cell wall have
been added to the cell average calculations, which assume
a 5%%up wrong helicity photon content of the incident beam.
These results for Rb polarization in the cell are included
in Table II as the Pnb (C) results and are 25—

30%%up larger
than the measured average Rb polarizations.

ous work [ll], the remainder of this difFerence may result
from shadowing of the cell (by its supports) and nonuni-
form power density in the expanded beam. Variations in
the power density of as much as 40% in the expanded
laser beam have been measured. In the future, it would
be interesting to make measurements of average Rb po-
larization using a very uniform laser beam.

A very obvious explanation for the lower Rb polariza-
tion would be an increased value of Fso over the value
used in our calculations. In a recent publication [25],
Wagshul and Chupp have examined the spin destruction
of polarized Rb vapor in great detail. In particular, they
measured the effect of the Rb nuclear spin on the elec-
tronic spin destruction by chopping the pumping laser
beam. Their work shows that the Rb nuclear spin slows
down the time scales required to polarize and destroy the
polarization of the Rb atom by the same amount. There-
fore, the steady state Rb polarization given by Eq. (1)
(which ignores the Rb nuclear spin) should be appropri-
ate. Furthermore, the value of FsD used in our calcu-
lations was deduced from the measurements by Larson
et al. [11]of the transinission of circularly polarized light
through cells very similar to the one used in this work.
In these measurements, the same model was used as in
this work. In this model, which is summarized by Eqs.
(1) and (2), all sources of Rb spin destruction (except
the cell walls) are described by a single spin-destruction
rate FsD. The value of FSD is determined by the steady
state attenuation of the pumping laser beam. Thus, in
a self-consistent way, the appropriate value of FSD has
been used in this work.

Our observation that the maximum He polarization
decreases with increasing cell size indicates that radia-
tion trapping may be limiting the Rb polarization. It is
well known that alkali-metal vapor polarizations can be
severely limited by radiation trapping in a weak magnetic
field [26]. This eff'ect should be mitigated by the quench-
ing by the N2 bufFer gas in the cell. We have calculated
the quenching efficiency for one of our cells to be ) 95%.
However, the small quenching inefBciency may lead to
lower Rb polarization. We are planning measurements of
Rb polarization as a function of incident laser power to
study radiation trapping efFects. If radiation trapping is
limiting the Rb polarization in these targets, additional
quenching gas may improve their performance.

The Rb polarization may be smaller than calculated
due to lower optical pumping eFiciency in the wings of
the collisionally broadened Dl resonance. In Eq. (3),
the optical pumping efBciency was assumed to be inde-
pendent of frequency near the D1 resonance. The optical
pumping efficiency is the probability that the absorbed
circularly polarized photon is absorbed by the desired
magnetic substate and decays into the opposite magnetic
substate. In the absence of collisional broadening, the op-
tical pumping efFiciency at the Dl resonance is 1/2. How-

ever, in the presence of a bufFer gas, oA-resonant photons
can be absorbed by Rb atoms that are close enough to
burr gas atoms to form excimer molecules. This leads
to the collisionally broadened D1 absorption line shown
in Fig. 1. Near the central frequency of the absorption
line shown in Fig. 1, the optical pumping eKciency is
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1/2. However, in the wings of the resonance, the opti-
cal pumping efFiciency may be smaller. In the limit of
very small average internuclear spacing, the Coulomb in-
teractions of the excited Rb electron with the He atom
become larger than the spin-orbit interactions in the core
of the Rb atom and the molecular coupling scheme be-
comes Hund's case a. In this high-density limit, some
of the circularly polarized photons may be absorbed by
the wrong magnetic substate [28]. For the moderate col-
lisional broadening in this work, the eÃect should not be
very pronounced, but may still lead to measurable ef-
fects. This efFect is closely related to measurements of
the magnetic circular dichroism of alkali-metal vapors in
high-pressure noble gases [29]. Measurements of the Rb
polarization as a function of laser frequency using a nar-
row band. (Ti:sapphire) laser would be useful to quantify
the size of this effect. In their recent paper, Wagshul and
Chupp [25] report measurements of this type for N2 buffer
gas densities of 0.5, 1.5, and 4.1 amagat. The results for
the two smaller densities show reduced pumping eKcien-
cies in the wings of the resonance. However, for the high-
est density measurements, the effect was not seen. Simi-
lar measurements for noble buffer gasses are still needed
to estimate the size of this effect for the present results.

Another explanation for the difference between these
theoretical calculations and the measured average Rb po-
larizations may be the efFect of the laser light rejected
back into the cell from the far wall (as seen by the laser).
Much of this rejected light has the wrong polarization,
which we have seen leads to significantly lower Rb polar-
izations and the need. for greater laser power. We have es-
timated. the fraction of incident laser light rejected back
into the cell for the conditions of these measurements and
found it to be between 5% and 7%. The impact of this
reBected light has not been more completely examined
because it significantly changes the nature of the theo-
retical calculations, which for this work have been one
dimensional. We plan to present the complete calcula-
tions in a future paper.

The value of USE measured in this work agrees with
the results of Ref. [11], but is a factor of 2 lower than
the results of Refs. [2] and [13]. Ultimately, additional

measurements will be required to resolve this situation.
Significantly, a new measurement has been made using
a different method, which adds additional data to this
discussion. A recent estimate of (osEv) [27] has been
made using the shift in the Rb electron paramagnetic res-
onance line. While this result is model dependent, their
estimate is consistent with the measurements of (osEv)
[2,13], which are a factor of 2 larger than the value one
would extract from this work. One explanation for this
discrepancy would be that the Killian formula [Eq. (14)]
is not correct at 450 K and [Rb] is actually a factor of 2
lower. However, if [Rb] is smaller, the theoretical values
for the average Rb polarizations would be larger, making
the disagreement between calculation and measurement
worse.

From the outset, the goal of this work was to establish
whether these new high-power diode laser arrays would
make a suitable light source for polarized He targets.
The highest polarization of He achieved in our studies
was 53%, which is comparable to the 55—60% polariza-
tion achieved in this same target cell when pumped with
Ti:sapphire lasers [24]. This comparison is even more fa-
vorable when considering the fact that the diode laser
used in these studies was not optimally expanded, had
lower output power due to small aperatures in the optics,
and was incompletely polarized. Therefore, the conclu-
sion is that diode laser arrays are effective light sources
for spin-exchange polarized He targets.
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