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Spin-exchange optical pumping of SHe with Rb-K mixtures and pure K
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We have studied the efficiency of spin-exchange optical pumping (SEOP) in cells that contain either pure
rubidium, mixtures of rubidium and potassium, or pure potassium. Optical pumping was performed with
spectrally narrowed diode array lasers operating at either the wavelength of the Rb 5s;,-5p;,, transition
(795 nm) or the K 4s,,,-4p;), transition (770 nm). Calculations of the expected efficiency are shown for
practical conditions and compared to measurements. We have measured the vapor density ratio in Rb-K
mixture cells using absorption of white light. Our focus is on the conditions that are relevant for neutron spin
filters, but the results are relevant to all applications of SEOP. We find that both Rb-K and pure K cells yield
improvements in the spin-exchange efficiency, and each approach has its own advantages. Overall, the best
results for high polarizing rate with high polarization were obtained with mixture cells with K-Rb vapor

density ratios between 2 and 6.
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I. INTRODUCTION

Spin-exchange optical pumping (SEOP) of *He [1,2] is an
important method in several areas of physics, including neu-
tron spin filters for neutron scattering and fundamental neu-
tron physics [3-5], spin-polarized targets [6,7], and magnetic
resonance imaging [8]. In comparison to metastability-
exchange optical pumping (MEOP) [9-11], SEOP is rela-
tively simple, compact, and well suited to long-term, con-
tinuous operation because the gas can be directly optically
pumped at the typical pressures of 1—10 bar needed for most
applications. However, the polarizing rate of SEOP is much
lower than that of MEOP, and the laser power requirements
are much higher. As the gas volume and production rate
needed for applications is increasing, this issue is of growing
significance. In the SEOP method, electronic polarization is
produced by optical pumping of Rb atoms, and the polariza-
tion is transferred to the *He nuclei by the hyperfine interac-
tion during collisions. The efficiency of SEOP could be in-
creased if potassium or sodium were used as the alkali-metal
spin-exchange partner rather than rubidium, due to their
lower electronic spin-destruction rates [1,12,13]. Neverthe-
less, Rb has remained the alkali-metal of choice primarily
because of the availability of high-power diode lasers at the
795 nm wavelength of the Rb 5s,-5p;, transition. Re-
ported studies of direct optical pumping of potassium were
performed with narrow band titanium sapphire lasers
[13,14], which are now rarely employed for most applica-
tions because of the higher power, greater simplicity, smaller
size, and lower cost of diode lasers. Although these results
were encouraging, more practical application with broadband
diode array lasers is not guaranteed to be successful because
the 3.4 nm fine structure splitting of the 4s-4p transition in
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potassium is comparable to the typical linewidth of 2.5 nm
[full width at half maximum (FWHM)] for such lasers. Re-
cently, a method employing mixtures of Rb and K [15], with
optical pumping of the Rb alone, was reported [16]. This
hybrid method for SEOP yields most of the gain in efficiency
possible for direct optical pumping of K but avoids the need
for a new laser wavelength as well as the fine structure issue.
In this paper, we report studies of both hybrid Rb-K spin-
exchange optical pumping and direct optical pumping of K,
and provide practical information for employing these ap-
proaches. In both cases, we employ spectrally narrowed di-
ode array lasers [17] with linewidths of 0.2—-0.3 nm FWHM.
Although we focus on the needs of neutron spin filters, the
results provide practical information for SEOP with Rb-K
mixtures and pure K, which is relevant to all applications of
polarized *He. We begin in Sec. II with calculations of the
expected gain in efficiency and polarizing rate for practical
application of hybrid and pure K cells, and compare to pre-
vious work. In Sec. III, we describe the apparatus used for
our measurements and the methods we employed to charac-
terize Rb-K mixtures. Section IV is divided into three parts;
the first part covers SEOP of Rb-K cells at 795 nm, the sec-
ond covers SEOP of pure K cells, and in the third part we
compare 770 and 795 nm pumping of Rb-K cells. In Sec. V,
we summarize the results of this study.

II. EFFICIENCY AND POLARIZING RATE
COMPARISONS

A. Calculational methods

To discuss the utility of hybrid and pure K SEOP,
we begin by defining the spin-exchange efficiency, which is
the ratio of the rate at which nuclear spin-polarized gas is
produced to the rate at which electronic spin-polarized
alkali-metal vapor is destroyed
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Na = FA[A] . (1)

Here, yA=kA[A] is the spin-exchange rate from the alkali-
metal A (Rb or K in this work) to the *He, k%, is the spin-
exchange rate constant for the alkali-metal, [A] is the
number-density of the alkali-metal vapor, [*He] is the den-
sity of *He, and I, is the electronic spin-destruction rate for
the alkali-metal. For Rb-K cells, the total spin-exchange rate
(in Hz) is

YK = kBP[Rb] + kE[K]. (2)

For optical pumping of the Rb, the spin-destruction rate
(in Hz) is replaced by

I'ky=T'ry+ D'k + gxr[K], (3)

where D=[K]/[Rb] is the vapor density ratio and ggg is the
spin-destruction rate constant for Rb-K collisions [16]. As
discussed below, SEOP with pure K or Rb-K mixtures is
more efficient than SEOP with pure Rb because kX" and kX
are comparable, whereas 'y is much smaller than I'g,. In
hybrid cells, rapid electronic spin-exchange between the K
and Rb equalizes the polarization of the two alkali-metals,
allowing for the benefits of the lower spin-destruction rate
for K with no change in the optical pumping laser. The gain
in efficiency relative to pure Rb depends on the vapor
density ratio D.

To calculate these efficiencies, we used measured spin-
exchange rate constants of k~'=6.8X 1072 cm?®/s [18] and
kX =5.5%1072° cm?®/s [19], and the following expressions
for the alkali-metal densities:

7.25 X 10'6

[Rb]y= (—) 109-318-4040T ()3 @)
16

[K]y= (725+10> 10%408-4453/T ()3 )

where the subscript O indicates the equilibrium density for
the pure alkali-metal and T is the temperature in Kelvin [20].
These expressions were found to yield spin-exchange rates
that agree with our observed rates within 10%. (The accuracy
quoted for these formulas is +5%.) For hybrid cells, we as-
sume that the densities are approximately given by Raoult’s
Law [21], ie., [Rb]=mpg,[Rb]y, where my, is the mole
fraction of Rb. The vapor density ratio is then given by

p= st =) ©)
MRy

where S(T)=[K],/[Rb], is the ratio of the equilibrium vapor

densities at a given temperature. D increases slowly with

increasing temperature because of the different slopes of the

equilibrium vapor pressure curves.

The total alkali-metal spin-destruction rate I' is given by
FA=FA_A+FA_3HC+FA_N2, arising from A-A, A->He, and A
-N, collisions, respectively. (Because of the high optical
opacity of the alkali-metal vapor for typical spin-exchange
optical pumping conditions, nitrogen is added to quench
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radiative emission from excited alkali-metal atoms [1].) For
Rb, we used the following expressions for these contribu-
tions to the spin-destruction rate (in Hz), where all densities
are in atoms per cubic centimeter:

Troro = 4.2 X 1073[Rb], (7)
Ty e = 1.0 X 1077+ *He], (8)
Tron, = 13 X 10757[N, ], ©)

[*He] is 2.48x 10" cm™ at 1 bar and room temperature
(296 K). The values for I'gy.r, and I'gy .3y, Were obtained
from recent measurements [13]. The rate constant for
FRb_N2 was obtained from a measured cross section
of 2.0X 10722 cm? at 480 K [22], and a relative collision
velocity  of  vgy(1+87/28)2=6.9X 10* cm/s,  where
Urp=3.4 X 10* cm/s is the thermal velocity of Rb at 480 K.
This yields a rate constant of 1.4X 1077 cm?®/s. We have
assumed an approximate scaling of T° for the alkali-metal—
nitrogen spin-destruction rate based on the following experi-
mental results and theoretical arguments. Two measurements
have been reported for the cross section for Rb-N, collisions:
2.0X 1072 cm? at 480 K and 2.5 X 1072 cm? at 520 K [22],
which would imply that the cross section varies as T>%.
Rb-*He and Rb-Xe spin-destruction rates have been found to
vary as T+ [13] and T'? [23], respectively. This difference
in temperature dependence is expected based on the softer
shape of the repulsive potential experienced by a Rb atom
during a collision with *He as compared to Xe [1]. We ex-
pect that the repulsive potential for nitrogen will fall some-
where between these two extremes. The efficiency compari-
sons discussed below are not sensitive to the exact value
chosen for the exponent in the temperature dependence for
nitrogen.

For the contributions to the K spin-destruction rate (in
Hz), we used

FK-K=9'6 X 10_14[K], (10)

Tiope= (5.5 X 10720+ 5.8 X 1073172 [*He], (11)

Tg.n,=7.0X 107273[N, ]. (12)

The value for I'y_x was obtained from a recent measurement
[22]. The rate constant for I'g_3p, is the sum of spin-rotation
and spin-exchange contributions. The spin-rotation portion
was deduced to be 8.9 X 1072 cm?/s at 423 K by measuring
the spin-destruction rate for K-*He and scaling for the lower
reduced mass of the K->He pair [24]. The total Rb-*He spin-
destruction rate has been reported to have a T*?* tempera-
ture dependence [13], which is almost completely dominated
by the spin-rotation contribution. We have assigned the same
temperature dependence for the spin-rotation contribution to
K-°He spin-destruction. To this spin-rotation contribution,
we add the temperature-independent spin-exchange rate co-
efficient of 5.5X107°cm?®/s to find the total spin-
destruction rate coefficient. The rate constant for 'y was
obtained from a measured cross section of 7.9 10733 ¢cm?
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at 440 K [22], and a relative collision velocity of
7.6X10* cm/s. This yields a rate constant of
6.0X107'% cm®/s. We have assumed T° scaling for the
same reasons as discussed above for Rb. We do not know of
any measurements or calculations of the spin-destruction rate
from Rb-K collisions. As a reasonable estimate, we assumed
a rate constant of gggr=2.2X 107! cm?3/s, which is the geo-
metric mean between the aforementioned Rb-Rb and K-K
spin destruction rates.

B. Performance criteria

There are two distinct, but coupled, practical motivations
for increasing spin-exchange efficiency. The first motivation
is to increase the volume of polarized gas that can be pro-
duced for a given laser power. The second is to increase
the production rate for a given volume of gas, by increasing
the spin-exchange rate via higher operating temperature.
Finally, we may consider polarizing the same volume of gas
at the same rate, but with reduced laser power. For neutron
spin filter applications, the highest possible polarization is
generally required; hence, these benefits must be obtained
without loss of *He polarization. We assume that the product
I',[A]V, where V is the volume of the cell, is fixed for a
given level of available laser power.

To increase the cell volume, we assume that one will keep
the spin-exchange rate fixed, and assume that the volume can
be scaled by the increased efficiency. We will denote Ej, to
be the ratio of the spin-exchange efficiency 7, of a cell with
vapor density ratio D to that of a pure Rb cell (e denotes the
limit of a pure K cell).

To increase the spin-exchange rate, we assume that the
volume is held constant. In this case, it is more appropriate to
examine the denominator of the spin-exchange efficiency,
I'y[A] for a single alkali-metal cell or I'y,[Rb] for a hybrid
cell [see Eq. (1)], which we will refer to as the “laser power
demand” because the ideal laser power per unit volume is
proportional to this denominator. The rate can be increased
until the laser power demand for the pure K or hybrid cell
equals that of the pure Rb cell. (The required laser power has
been found to be much higher than the ideal laser power
[16], but if the ratio of the laser power empirically observed
to be required to the ideal laser power is independent of the
value of the denominator, this approach should be valid.) We
will denote R, to be the ratio of the polarizing rate for a cell
with vapor density ratio D to that of a pure Rb cell, for the
same laser power demand.

To reduce the required laser power, we assume that the
spin-exchange rate is fixed as for the volume case, and that
the possible reduction in laser power scales with the laser
power demand (denominator). Since it is only the change in
the laser power demand that yields an increase in the spin-
exchange efficiency, the possible decrease in required laser
power will be essentially the same as the possible increase in
volume.

C. Calculational results

Figure 1 shows the variation of the calculated efficiencies
and laser power demands with the spin-exchange rate for
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FIG. 1. (Color online) Calculated spin-exchange efficiencies
(thick lines) and laser power demands (thin lines) (see Sec. II for
definitions) for pressures of (a) 1 bar and (b) 8 bar, shown for pure
Rb (solid red line), pure K (dotted blue line), mp,=0.15 (dashed
green line, D=0.8—1.3), and mp,=0.0175 (dotted-dashed black
line, D=8-13). (The laser power demands have been multiplied by
11071 cm? s so as to yield a convenient dimensionless parameter
for display with the spin-exchange efficiencies.)

pure Rb, pure K, and Rb-K hybrid cells at 1 bar [Fig. 1(a)]
and 8 bar [Fig. 1(b)] for which we have assumed 67 mbar of
N,. (The laser power demands have been multiplied by
1107 ¢cm?® s so as to yield a convenient dimensionless
parameter for display with the spin-exchange efficiencies.)
Cold neutron spin filters are typically operated near 1 bar
[25], while rapid production of polarized *He for magnetic
resonance imaging is typically performed at 8 bar. In addi-
tion, 8 bar would be a reasonable pressure for a centralized
facility for dispensing polarized *He for neutron spin filters.
Each plot shows results for mp,=0.0175 and mg,=0.15, for
which D increases from 8 to 13 and from 0.8 to 1.3, respec-
tively, in the temperature range from 440 to 570 K. As ex-
pected, the efficiencies are increased, and the laser power
demands decreased, for pure K and hybrid cells. For hybrid
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cells, higher vapor density ratios yield the best performance.
Since alkali-metal-alkali-metal spin destruction rates are
larger than alkali-metal-buffer-gas spin-destruction rates for
typical conditions, increasing the *He pressure increases the
SEOP efficiency. The results are insensitive to the value of
gkr [see Eq. (3)]; setting it to zero only increases Ej, by
~15% at 1 bar or a few percent at 8 bar.

For typical spin-exchange rates of 0.1-0.2 h™!, we ob-
serve that at 1 bar E,.,=2.9, E|(=2.6, and E,; = 1.6, whereas
R.=18, Riy=17, and R;=13. At 8bar E.=43,
E\g=3.1, and E,;~1.4, whereas R,=2.5, Rp=2.1, and
Ry=1.2. Ep and Rp were determined from the results shown
in Fig. 1: for Ep we found the possible increase in spin-
exchange efficiency for a given spin-exchange rate, whereas
for R we found the possible increase in spin-exchange rate
for a given laser power demand. For practical conditions, the
dependence of Ej and Rj, on spin-exchange rate is weak. At
1 bar, the possible improvement in rate is roughly equal to
the square root of the possible improvement in volume (or
reduction in laser power). This is because of the domination
of spin-destruction from alkali-metal—alkali-metal collisions;
since the laser power demand scales as the square of the
alkali-metal density, the alkali-metal density (and thus the
rate) can only be increased by the square root of the effi-
ciency ratio. At 8 bar, the possible improvement in rate is
closer to the possible improvement in volume (or reduction
in laser power) due to the increasing role of alkali-metal-*He
spin-destruction. However, further increase in rate requires
higher alkali-metal densities, thereby driving the operating
point back towards domination by alkali-metal—alkali-metal
rates. Hence, for a given pressure, the maximum efficiency is
generally obtained by increasing the cell volume rather than
the cell temperature, assuming experimental goals and
mechanical constraints permit it.

In the limit where alkali-metal-alkali-metal spin-
destruction completely dominates, we expect E,, evaluated at
a given spin-exchange rate to be 4.4/1.232=2.9, where 4.4
(1.23) is the ratio of the Rb-Rb and K-K spin-destruction rate
constants (spin-exchange rate constants). In the case where
alkali-metal—>He spin-destruction dominates, we expect E.,
evaluated for a typical spin-exchange rate of 0.1 h™! to be
8.6/1.23=7.0, where 8.6 is the ratio of the alkali-metal—>He
spin-destruction rate coefficients for Rb and K at tempera-
tures of 453 and 502 K, respectively. We find that the calcu-
lated value of E,=2.9 at 1 bar is close to that expected for
complete domination by alkali-metal-alkali-metal spin-
destruction, whereas the value of 4.3 at 8 bar results from
contributions from both alkali-metal—-alkali-metal and alkali-
metal-buffer-gas relaxation. (In fact, alkali-metal-buffer-gas
collisions have a non-negligible effect at 1 bar, but the effect
of alkali-metal-N, collisions is to slightly decrease E.,
whereas the effect of alkali-metal-"He collisions is to
slightly increase E.., and these effects roughly cancel.) The
value of E.,,=7.0 is observed in the limit of infinite *He
pressure (for y,=0.1 h™").

At 1 bar, most of the possible gain is obtained with mod-
est values of the vapor density ratio D. For high pressure,
modest D yields only a fraction of the achievable gain;
hence, ideally one would employ the highest D possible.
However, it has been observed that the maximum achievable
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FIG. 2. (Color online) Variation of the calculated spin-exchange
efficiency for K with temperature, for a *He pressure of 7.6 bar and
a N, pressure of 0.1 bar (red solid line). The calculations in this
work are compared to the fit of data in Ref. [13] (blue dotted line).

polarization decreases with increasing D [16]; as discussed
below, we have also observed this behavior.

D. Comparison to reported results

In Fig. 2, we compare the variation of our calculated ef-
ficiencies for K with temperature to measurements that have
been previously reported in the temperature range
360-475 K [13]. (By definition, our calculations agree well
with those reported for Rb, as our calculations for Rb are
based primarily on the spin-exchange and spin-relaxation
rates reported in Ref. [13].) Our calculations for K show a
steeper decline with increasing temperature than the mea-
surements. Unfortunately, the measurements do not extend to
the region in which the K vapor pressure is high enough for
most practical applications (the spin-exchange rate is only
0.03 h~! at the highest temperature of 475 K for which data
were reported). If the reported weak dependence of the spin-
exchange efficiency on temperature can be extrapolated to
higher temperature, the potential improvement obtained with
hybrid or pure K cells will be greater than our calculations
indicate.

In the first demonstration of hybrid SEOP [16], a factor of
12 increase in the spin-exchange efficiency was reported for
high D cells at a pressure of 8.7 bar, whereas our calcula-
tions yield an expected value of 4.1. However, in that work
efficiencies were compared at a fixed temperature of 463 K,
whereas our calculations are done for the same spin-
exchange rate. At 463 K, the spin-exchange rate for Rb is
0.15 h™!, whereas operation at 513 K is required to get the
same value for K; between these two temperatures our cal-
culated efficiency drops by a factor of 2.4, primarily due to
increased K-K spin-destruction but also due to the tempera-
ture dependence of the alkali-metal-buffer-gas rates. Hence,
if the spin-exchange rate is fixed, the factor of 12 decreases
to 12/2.4=5.0, somewhat larger than but, nevertheless, in
fair agreement with our calculations. If, instead, one extrapo-
lates the measurements of efficiency for K from Ref. [13]
discussed above, a decrease of a factor of only 1.3 is ex-
pected between 463 and 513 K and the factor of 12 would
only be decreased to 9.2.
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TABLE I. *He cells used in this work, with vapor density ratio D (zero indicates pure Rb and « indicates
pure K) and the maximum values of the He polarization, Py, obtained in each cell. All cells are cylindrical,
with diameter d and length / in centimeters, volume V in cubic centimeters, *He partial pressure p in bar, and
relaxation time 7 in hours. The cells and optical pumping conditions are described in the text. The results for
optical pumping at 795 nm were obtained with 52 W of spectrally narrowed laser light from two diode bars.
The results for optical pumping at 770 nm were obtained with 21 W of spectrally narrowed laser light from
a single diode bar, except for the Chardonnay and Orvieto cells, for which data were obtained with 12 W.
Because of time constraints, data with the 770 nm lasers were not obtained for all cells.

Cell D d ! 1% p T Pe(795) Pye(770)
Chardonnay 1.6 8.4 73 400 1.07 390 0.77 0.67
Orvieto 22 8.7 72 430 1.1 80 0.70 0.63
Zinfandel 1.0 11.6 8.9 940 1.86 330 0.78

Chianti 2.0 11.8 8.1 875 1.82 290 0.75

Barbera 44 11.8 75 820 1.52 310 0.76

Syrah 6.2 10.2 9.7 790 1.43 450 0.76 0.73
Riesling 4.8 9.8 9.0 630 35 170 0.77 0.68
Cabernet 46 11.8 7.6 830 1.94 270 0.58 0.71
Gigantor 96 9.1 9.4 611 0.85 800 0.56 0.73
Quasimoto 155 6.7 5.8 205 112 550 0.48 0.76
Sonora % 45 43 68 0.81 500 0.77
Wilma 0 4.9 4.9 91 0.9 830 0.76

Chekhov 0 8.1 6.0 309 1.27 340 0.79

Bullwinkle 0 6.9 7.1 268 1.22 550 0.72

Dino 0 10.6 5.1 450 0.85 530 0.75

Kirk 0 10.5 72 620 0.80 740 0.77

III. APPARATUS
A. Cells

The sealed cells for this work were blown from GE180
[26] glass and filled at the National Institute of Standards and
Technology (NIST) in Gaithersburg, Maryland, using tech-
niques described previously [25]. To produce hybrid cells, a
“Y-junction” is included in the glass manifold so that Rb and
K can be distilled into individual arms that merge into the
main manifold. A small amount of Rb is distilled into each
cell several times so that a thin layer of Rb film is eventually
visible in each cell. A small amount of potassium is then
distilled into each cell several times. The vapor density ratio
is not well controlled in this process, but the experience
gained in making several cells of widely varying D has al-
lowed us to improve the control. (It may be possible to use a
chemical approach to obtain more controlled vapor density
ratios, but we have not yet employed this approach [27,28].)
Table I lists the parameters for the cells used in this work,
which include pure Rb cells, hybrid Rb-K cells, and pure K
cells. The cells are identified by the names listed in Table 1.
Measurement of D is discussed in Sec. III C below.

B. Lasers

Measurements were performed using the SEOP apparatus
at the National Institute of Standards and Technology that
has been described earlier [29]. Two 795 nm, spectrally nar-
rowed diode lasers, each employing a 50 W diode bar [30],

illuminated the cells from opposite sides. A total of 52 W of
laser light was incident on the SEOP oven. As noted below,
sometimes only one laser was used, and/or the power level of
each laser was reduced. The linewidth of each laser was
measured with an optical spectrometer with a resolution of
0.07 nm [31]; for one laser we observed a symmetric line-
shape with a linewidth of 0.21 nm FWHM and a spectrally
narrowed output power of 27 W, whereas for the other we
obtained an asymmetric line shape with a linewidth of
0.30 nm and a spectrally narrowed output power of 25 W.

For direct optical pumping of K we constructed two spec-
trally narrowed diode lasers operating at 770 nm. One is
based on a 20 W diode bar [32] and the other is based on a
40 W diode bar [33]. We obtained 12 and 21 W of laser light
into the oven for the 770 nm lasers based on the 20 and
40 W bars, respectively. As shown in Fig. 3(a), we obtained
a symmetric line shape with a linewidth of 0.21 nm FWHM
for the laser based on the 20 W bar. The small peak at
768.6 nm is due to incomplete suppression of the unnar-
rowed spectrum, which was temperature tuned as high as we
thought was safe by operating the laser’s cooling water at
24 °C (at the maximum laser power). The issue of possible
undesired optical pumping of the K 4s;,,-4p5,, transition is
discussed below. The linewidth of the laser based on the
40 W bar was 0.26 nm FWHM, as shown in Fig. 3(b).

C. Vapor density measurement

To measure the vapor density ratio of hybrid cells, we
illuminated the cell with a 50 W halogen spot light and used
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FIG. 3. (Color online) The spectra for the optical pumping com-
parisons in Sec. IV C. The spectra of the 795 nm lasers have been
shifted to the same center as the 770 nm laser, and the peak heights
have been normalized. (a) The spectrum for the 770 nm laser based
on the 20 W bar (blue dotted line), and the 795 nm laser operated at
the same output power (red solid line). Both linewidths are 0.21 nm
FWHM. (b) The spectrum of the 770 nm laser based on the 40 W
bar (blue dotted line), and the 795 nm laser operated at the same
output power (red solid line). Both linewidths are 0.26 nm FWHM.
The offsets of the data from zero are due to instrumental
background.

the aforementioned optical spectrometer to measure the ratio
of the absorption for K and Rb for each fine-structure tran-
sition. The temperature of the cell was adjusted so as to
obtain dips in the transmission of 10-40%. The vapor den-
sity ratio at that temperature, labeled D,, in Table II, was
determined from the ratio of the area of the dips. D,, was
then corrected for operation at our actual operating tempera-
tures for SEOP. This correction depends only on the variation
in the ratio of the Rb and K vapor pressures with tempera-
ture, not the absolute vapor pressures. Nevertheless, this ratio
can vary by a factor of two for different published vapor
pressure formulas. Since we find agreement within 10% be-
tween the calculated and observed spin-exchange rates for
pure Rb and K cells using Eqgs. (4) and (5) for the vapor
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TABLE II. Determinations of the vapor density ratio D. For
cells of moderate D, Dy, is the value obtained at temperatures near
360 K using the white-light method discussed in the text. For the
high-D Cabernet, Gigantor, and Quasimoto cells, the temperatures
were increased to 413, 423, and 443 K, respectively, to obtain a
measurable dip in transmission for Rb. D was obtained by correct-
ing the results from the white-light method to the temperature for
optical pumping, typically between 463 and 483 K. The values in
parentheses are the uncertainties in the last digit(s). D, is the range
of values determined from polarizing rate measurements.

Cell D,, D D,
Chardonnay 0.8 1.6(4) 0.5-1.8
Orvieto 1.2 2.2(3) 1.8-2.7
Zinfandel 0.6 1.0(2) 0.6-0.8
Chianti 1.1 2.0(3) 1.2-1.8
Barbera 2.5 4.4(5) 2.7-5.3
Syrah 3.6 6.2(9) 47-5.9
Malbec 2.2 4.6(2) 3.8-4.7
Riesling 2.8 4.8(5) 2.6-5.8
Cabernet 46(7) 8—0
Gigantor 96(22)

Quasimoto 155(25) 14—
NHRbK 0.7 1.3(2)

pressures, we employed these expressions to obtain values of
the vapor density ratio at our operating temperatures (labeled
D in Table II). For large D cells, we had to measure the dip
areas for Rb and K at two different temperatures, hence dif-
ferent corrections based on Egs. (4) and (5) were applied to
obtain D. The relative standard uncertainties in Table II in-
clude a contribution of 10% from the uncertainties in the
vapor pressure formulas we employed.

Table II lists the values of Dy, and D determined using this
method. We also checked the measured absorption ratio for
the Rb 5s,,,-5p3, (hereafter, referred to as Rb D,) and
5812-5p1» (Rb D)) transitions and the K 4s,,,-4ps,, (K D,)
and 4s,,-4p,, (K D,) transitions, both of which are ex-
pected to be equal to 2.0 [34]. We measured 1.7+0.2 for Rb
and 1.9+0.1 for K, in reasonable agreement with the
expected value. The values of D, in Table II are based on
the average of those determined using the two fine structure
transitions, and the uncertainties listed encompass both
values. Faraday rotation [ 16] was employed at the University
of Wisconsin to determine the vapor density ratio to be
170£10 for the Quasimoto cell and 1.5+0.1 for the cell
NHRbK [35], confirming the results from the white-light
method.

We also estimated the vapor density ratio based on the
observed pumping rate for a given temperature. For hybrid
pumping the spin-exchange rate yX"* is given by Eq. (2),
whereas for pure Rb pumping it is given by kX[Rb],. Using
Eq. (6) we obtain a rate-based estimate for the vapor density
ratio (labeled D, in Table II)
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_ kfeb[Rb]O - Seb-K (13)
T RKs(1) - kX[Rb],

<] Sei

D, was evaluated using experimentally determined values of
YK (see Sec. IV), the equilibrium vapor densities from
Egs. (4) and (5), and known spin-exchange rate coefficients
(see Sec. IT A). The temperature was measured with a plati-
num resistance temperature device that was located under the
cell. The range of values for D, extracted from several pumps
of each cell are listed in Table II. This approach is less ac-
curate than, but generally in agreement with, the white-light
method described above. Hence, we do not observe any sig-
nificant deviations from the form of the vapor density ratio
assumed in Eq. (6). If D is larger than about ten, then the
uncertainty in D, becomes large.

We found that the vapor density ratio can change during
the first few times that a cell is optically pumped. This was
observed via both the white-light and the time constant meth-
ods. For example, D increased from 1.3 to 2.7 in the Chianti
cell, and from 1.0 to 2.5 in the Zinfandel cell. We presume
that these shifts occur because the Rb-K alloy is not fully
mixed.

Improved accuracy from the white-light method should be
possible using the 4s-5p transitions for K (404.41 nm and
404.72 nm) and the 5s-6p transitions in Rb (420.18 and
421.55 nm). These transitions have on the order of 100 times
weaker absorption than those we employed [36] and, thus,
should allow for measurements at temperatures at or near
those used for optical pumping.

IV. RESULTS

We report the achievable polarization and polarizing rate
for hybrid and pure K cells, and make two comparisons to
pure Rb cells: the maximum polarizing rate and the volume
that can be polarized for a given laser power. Here “maxi-
mum” is defined as the highest rate at which the cell could be
polarized without observing a decrease in alkali-metal polar-
ization of more than 2%. To compare the maximum polariz-
ing rates, we measured the variation of the initial pumping
rate with temperature, typically in steps of 5 K or less.
The initial rate is given by y.LP,, where P, is the alkali-
metal polarization, hence P, can be determined if the initial
rate is measured and Y. is known. We first determined
the spin-exchange rate at one or more temperatures using
){;\e=(71:;—7?1)/ (1+X), where the pumping time constant
Ty and the room-temperature relaxation time 7, are mea-
sured and X is determined from measurements at sufficiently
low temperature and/or sufficiently high laser power to ob-
serve saturation of the alkali-metal polarization [37]. X is a
phenomenological parameter that reflects the observation
that the slope of the *He relaxation rate vs alkali-metal den-
sity is greater than the spin-exchange rate [29,37]. For some
of the hybrid cells, we compared results for optical pumping
for 795 and 770 nm; in this case, we checked that the spin-
exchange rates for a given temperature agreed within 10%.
To determine the spin-exchange rates at other temperatures,
we used Egs. (4) and (5) to determine the change in the
spin-exchange rate with respect to that measured for the tem-
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perature(s) at which we performed a full pumping curve.
Note that we rely only on the shape of the vapor pressure
curves, not the absolute values.

Except for high D cells, where there is evidence that the
alkali-metal polarization is limited for 795 nm pumping (see
below), we assume that the saturated value of the alkali-
metal polarization is unity. For high D and pure K cells, X
was determined from measurements obtained with the
770 nm laser. For all of the cells in this study, X was between
0.2 and 0.3. The surface to volume ratio for the cells in this
study range betweeen 0.6 and 1.2 cm™!. The values of X that
we have observed are typical for cells of small surface to
volume ratio [37]. The values of *He polarization, Py,
obtained with the maximum laser power available (52 W at
795 nm or 21 W at 770 nm) are listed in Table I and
discussed below. Py, was determined with a typical
relative standard uncertainty of 4% from nuclear magnetic
resonance measurements that were calibrated against neutron
transmission [29].

The actual gas temperature in spin-exchange cells can be
higher than the temperature of the cell wall, due to the con-
version of optical power to heat by the nitrogen buffer gas
[38]. For much of this work, we compare results obtained for
optical pumping of cells of similar geometry and *He pres-
sure with the same level of laser power; hence, our results
should not be sensitive to such effects. In addition, our stud-
ies are generally for optical pumping of large cells to high
alkali-metal polarization (and thus weak optical absorption)
with relatively low optical intensities; under these conditions
we expect these effects to be modest. Furthermore, alkali-
metal densities are determined by the temperature of the cell
wall and alkali-metal—-alkali-metal spin-destruction rates de-
pend only on these densities. (Even if the rate coefficient has
any temperature dependence, it would be weak.) By these
arguments the only process in our cells that would be sub-
stantially modified by a difference between the gas and wall
temperatures is spin destruction from alkali-metal-buffer-gas
collisions, which have a strong temperature dependence.
This modification could influence the data and modeling for
the decline in alkali-metal polarization with increasing spin-
exchange rate presented in Sec. IV C. However, we expect
the influence to be small due to the dominance of spin-
destruction from alkali-metal-alkali-metal collisions over
most of the parameter regimes studied.

A. SEOP of Rb-K and pure Rb cells at 795 nm

Figure 4 shows the variation in alkali-metal polarization
with spin-exchange rate for 795 nm pumping of two sets of
cells that have similar volume and pressure: (i) Chekhov
(D=0) and Chardonnay (D=1.6), and (ii) Chianti (D=2.0)
and Barbera (D=4.4). These data were acquired with 52 W
of 795 nm laser light. For these cells, the alkali-metal polar-
ization is presumed to be unity at low spin-exchange rates.
Comparison of the spin-exchange rate at which the alkali-
metal polarization deviates from unity yields values for R,
We estimate that the relative standard uncertainties for both
the spin-exchange rates and the alkali-metal polarizations is
5%. However, the stability of the alkali-metal polarization
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FIG. 4. (Color online) The variation in alkali-metal polarization
with spin-exchange rate for three sets of cells that have similar
volume and pressure. For 795 nm, pumping data are shown for
(1) the Chekhov cell (pure Rb, solid upward triangles) and the
Chardonnay cell (D=1.6, solid downward triangles) and (2) the
Chianti cell (D=2.0, solid circles) and the Barbera cell (D=4.4,
solid squares). Data are also shown for 770 nm pumping of the
Gigantor cell (D=96, open squares) as compared to 795 nm pump-
ing of the Kirk cell (pure Rb, open circles). Error bars are not
shown to simplify the plot, but uncertainties are discussed in
Sec. IV A. The lines are drawn to guide the eye.

measurements at low spin-exchange rates indicates that the
precision in the alkali-metal polarization measurements is
smaller than the absolute accuracy. We estimate the relative
standard uncertainty in our determinations of R, to be 10%.

For the comparison of the Chardonnay cell to the Chek-
hov cell, we find R ¢=1.32, somewhat larger than the calcu-
lated value of 1.21. The calculated value was determined by
the method described in Sec. II C, with a correction for the
difference in cell volumes. For the cells Chianti and Barbera,
the data represent a comparison of hybrid cells with different
values of D. (Although less sensitive than a comparison to
pure Rb, this approach was taken because we did not con-
struct any pure Rb cells of this size and pressure.) Table IIT
compares calculations and measurements of the ratios of
maximum polarizing rate for sets of similar cells. The fairly
modest improvements in polarizing rate for this regime of
low pressures and low vapor density ratios require careful
measurements. We generally find that the data show greater
improvement as compared to the calculations. We observe
that the decrease in alkali-metal polarization with increasing
spin-exchange rate is more gradual for Rb-K cells as com-
pared to either the pure Rb cell (Chekhov) or the nearly pure
K cell (Gigantor; data obtained with 21 W of 770 nm laser
light).

To illustrate the increase in gas volume that can be
polarized, we considered data obtained for cells of similar
pressure at similar spin-exchange rate and laser power.
Using 12 W of laser light with a linewidth of 0.2 nm, we
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TABLE III. Comparison of calculations (labeled calc) and mea-
surements (labeled data) of the maximum polarizing rate for sets of
similar cells. For the Chardonnay-Chekhov comparison, there are
two listings, which were performed at different laser power. In sev-
eral cases, we compare mixture cells of differing D, and thus list the
ratio RDI/ Rp,, where D and D, are the vapor density ratios for the
higher and lower D cells, respectively. In these cases, we also list
the calculated value of Rp . All cells were pumped at 795 nm,
except Sonora and Gigantor, which were pumped at 770 nm. We
estimate the relative standard uncertainty in our determinations of
Rp to be 10%.

Rp /Rp, Rp,
Cell 1 Cell 2 D, D, data  calc cale
Chardonnay Chekhov 1.6 0 132 1.21
Chardonnay Chekhov 1.6 0 1.29  1.20
Chardonnay Dino 1.6 0 1.83  1.48
Barbera Chianti 44 20 128 125 1.59
Syrah Chianti 62 20 132 132 162
Barbera Zinfandel 2.5 1.0 169 148 1.59
Syrah Zinfandel 62 1.0 175 159 1.62
Sonora Wilma o0 0 1.38  2.02
Gigantor Kirk 96 0 200 1.87

obtained Py,=0.61 in the Bullwinkle cell (270 cm?) with a
spin-exchange time constant of 0.033 h~!. This polarization
value was limited by laser power. For the hybrid Syrah cell
(D=6.2), which is 2.9 times larger in volume, we obtained a
similar polarization value (Py.=0.65) for similar optical
pumping conditions. We calculate an expected increase in
efficiency of a factor of 2.0 for the Syrah cell as compared to
the Bullwinkle cell; hence, we observe better performance
than the calculation.

In summary, we observe increases in efficiency for
795 nm pumping of Rb-K cells that are generally somewhat
better than our calculations. We find that for typical cold
and/or thermal neutron spin filter pressures of 1-2 bar and
D=2-6, the gain in efficiency from hybrid cells is up to a
factor of three. Hence, the volume that can be polarized for a
given laser power may be tripled, or the rate at which a given
volume can be polarized is increased by up to a factor of
~1.7.

For the Riesling cell (3.5 bar, 0.7 1, D=4.8), we were able
to maintain full alkali-metal polarization with a 6.0 h pump-
ing time constant, for 52 W of spectrally narrowed laser
light. This allows for the production of 2.4 bar1/d of 75%
polarized *He gas, assuming optical pumping for four time
constants so as to reach 98% of the maximum *He polariza-
tion. For applications such as polarized gas magnetic reso-
nance imaging, which can accept lower *He polarization, one
can operate at shorter pumping time constants and/or stop the
optical pumping earlier. For a 4.0 h pumping time constant,
the maximum *He polarization was 66%, which would allow
2.4 bar1 of 50% polarized *He gas to be produced in only
6 h. We have not constructed a similar pure Rb cell for com-
parison, but discuss 770 nm pumping of this cell in Sec.
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IV C. Calculation of the expected gain in efficiency
compared to pure Rb for y,=5h™! yields E;¢=2.5 and
R4.8: 18

Based on the calculations, the efficiency should increase
with higher vapor density ratios. However, we find that the
maximum °He polarization decreases as D is increased.
Whereas we obtained 76% *He polarization for the Syrah
cell (D=6.2), the maximum He polarization was reduced
to 58% for the Cabernet cell (D=46) and 48% for the
Quasimoto cell (D=155). A decrease in maximum alkali-
metal polarization was observed in the initial work with hy-
brid cells [16] that employed broadband lasers. Hence, we
assume that the alkali-metal in high-D Rb-K mixture cells
cannot be fully polarized even with spectrally narrowed laser
light at 795 nm. This hypothesis was confirmed by SEOP of
these cells at 770 nm, which is discussed in Sec. IV B.

B. SEOP of pure K cells at 770 nm

Direct optical pumping of K at 770 nm should allow for
increased efficiency as compared to pure Rb, avoid the issue
of declining polarization in high-D Rb-K cells, and simplify
alkali-metal distillation procedures in cell fabrication. To
compare results obtained using the 770 nm laser to those
obtained using the 795 nm laser, we must consider possible
differences in the optical pumping efficiency itself. As shown
in Fig. 3, the lineshape of the 770 nm laser based on the
20 W (40 W) bar is very similar to that of the 795 nm laser,
when the 795 nm laser was operated at the same 12 W
(21 W) power level of the 770 nm laser. The oscillator
strength of the K D, transition is 3% smaller than the Rb D,
transition [34], and the number of photons for a given laser
power is 3% lower. These small effects would only reduce
the optical pumping efficiency by =~6%. The absorption
width of the K D, line [39] has been reported to be 30%
smaller than that of the Rb D, line [40]; hence, the absorp-
tion cross section on resonance is higher for K than for Rb.
For weak absorption (fully polarized alkali-metal), this
should not have any substantial effect. However, if the alkali-
metal density is raised to increase the polarizing rate, the
resonant light will be depleted slightly more rapidly in pas-
sage through the cell. Finally, we note that it has been ob-
served that the photon efficiency for 795 nm pumping of Rb
has been observed to be lower than expected [16]. Since this
phenomenon is not understood, it could be larger or smaller
for 770 nm pumping of K.

Another issue for 770 nm pumping is the small fine struc-
ture splitting (3.4 nm) in K, as optical pumping of the K
D, transition will also reduce the optical pumping efficiency.
Before we optimized the alignment of the 770 nm laser
based on the 20 W bar, the height of the unsuppressed broad-
band peak at 768.6 nm was 15-20 % of the height of the
narrowed peak, and under these conditions we found that we
were only able to achieve He polarization of 59% for the
small, pure K Sonora cell. On reducing the unsuppressed
peak to the level shown in Fig. 3(a), we have achieved
77% *He polarization. Small variations in the spectrum no
longer appear to affect our results, but it is difficult for us to
determine if they are negligible.
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We also performed another test that is relevant to the pos-
sible use of broadband lasers for direct SEOP of K. The
broadband peak for the 770 nm laser based on the 40 W bar
(1.6 nm FWHM) was tuned to the K D, transition, with the
grating mistuned to prevent narrowing. For the Sonora cell,
the maximum *He polarization we could obtain with 21 W
incident on the oven was 65%. Decreasing the oven tempera-
ture did not improve the alkali-metal polarization, hence the
polarization may be limited by pumping of the D, transition.

Table III compares measured and calculated values of R,
for two different cell sets. We observed that the maximum
rate was increased by a factor of only 1.38 for the pure K
Sonora cell as compared to the pure Rb Wilma cell. Our
calculation predicts a significantly higher value of 2.02.
However, the maximum rate for the nearly pure K Gigantor
cell (D=96) was increased by a factor of 2.0 as compared to
the pure Rb Kirk cell (see Fig. 4), in close agreement with
the calculated value of 1.87. For the Gigantor cell, we can
also make a comparison of the volume that can be polarized
for a given laser power similar to that discussed above for
the Bullwinkle and Syrah cells. The Gigantor cell is similar
in pressure but 2.3 times larger in volume than the Bull-
winkle cell. We find that at nearly the same spin-exchange
rate of 0.045 h™!', we obtained Py.=0.63, close to that ob-
tained in the Bullwinkle cell. We calculate that the increase
in efficiency for the Gigantor cell as compared to the Bull-
winkle cell should be a factor of E,=2.7, in reasonable
agreement with the measurements.

In addition to efficiency studies, we obtained additional
information from direct SEOP at 770 nm. The maximum po-
larization values of 77% and 76% for the small Sonora and
Quasimoto cells, respectively (see Table I), indicate that the
same limit that has been observed for SEOP at 795 nm in
pure Rb and hybrid cells [37] is operative for SEOP at
770 nm in pure K and hybrid cells. Note that the polariza-
tions listed in Table I were lower for the Chardonnay and
Orvieto cells because they were optically pumped with 12 W
of 770 nm laser light, which did not provide sufficient power
to yield unity alkali-metal polarization. Similarly, for the
large Cabernet, Gigantor, Riesling, and Syrah cells we could
only approach unity alkali-metal polarization at low tempera-
ture; hence, we suffered a small loss due to rate balance
between spin-exchange and relaxation. For these cells, we
plan future tests with increased laser power at 770 nm. The
higher polarization values obtained by 770 nm pumping of
cells of high vapor density ratio confirm the conclusion in
previous studies [16] that the alkali-metal polarization is lim-
ited when such cells are optically pumped at 795 nm. In
those studies, it was proposed that the decrease in alkali-
metal polarization with increasing D could be due to off-
resonant optical pumping of the potassium by the 795 nm
laser. A value of Rx/R=0.0027 was determined, where Rx/R
is the ratio of the optical pumping rate of the K atoms by
795 nm light to that of the Rb atoms. Based on the maximum
alkali-metal polarization of 0.65 that we observed for
795 nm pumping of the Quasimoto cell, we determined a
comparable value of Rx/R=0.0036. (Whereas a maximum
attainable alkali-metal polarization, P, was also included to
analyze the results in Ref. [37], we fixed P., to unity.)
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FIG. 5. (Color online) Comparison of the alkali-metal polariza-
tion obtained for 770 nm pumping at a given spin-exchange rate,
P779, and the alkali-metal polarization obtained for 795 nm pump-
ing at the same spin-exchange rate, Pqs, for the same laser power
and linewidth. For the Chardonnay (solid circles) and Orvieto cells
(open squares), the P77 data were obtained using the 770 nm laser
based on the 20 W bar, whereas for the larger Syrah (upward, open
triangles), Cabernet (downward, open triangles), and Gigantor cells
(solid diamonds), the 40 W bar was employed. The dotted diagonal
line shows P779=P79s. To simplify the plot error bars are not shown,
but uncertainties are discussed in Sec. IV A. The lines are drawn to
guide the eye.

C. Comparison of optical pumping of hybrid cells
at 795 and 770 nm

An additional study that we performed was to compare
the achievable alkali-metal polarization obtained for SEOP
of hybrid cells at 795 and 770 nm. The motivation for this
study was to obtain further information about the relative
optical pumping efficiencies. Both the 795 and 770 nm lasers
were operated such that the same optical power was deliv-
ered to the cell from one side: when the 770 nm laser based
on the 20 W bar was used, this power level was 12 W,
whereas when the 770 nm laser based on the 40 W bar was
used, the power level was 21 W. As shown in Fig. 3, the
spectra were quite similar. These data are summarized in Fig.
5, in which the alkali-metal polarization obtained for 770 nm
pumping at a given spin-exchange rate, P77, is plotted
against the alkali-metal polarization obtained for 795 nm
pumping at the same spin-exchange rate, P;9s. (We assume
that the Rb and K polarizations are always equilibrated.) The
data show the decline in alkali-metal polarization for 795 nm
pumping of high-D cells, and also show that P;;, usually
decreases more rapidly with increasing spin-exchange rate as
compared to P,9s. In Fig. 6 is shown the variation of the
alkali-metal polarization with spin-exchange rate for 795 and
770 nm pumping of the hybrid Chardonnay (D=1.6) and
Syrah cells (D=6.2). For comparison, Fig. 7 shows such data
for 795 nm pumping of the pure Rb Chekhov cell and
770 nm pumping of the nearly pure (D=96) K Gigantor cell.
Both our experimental determinations of the alkali-metal po-
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FIG. 6. (Color online) The variation in alkali-metal polarization
with spin-exchange rate for both 795 nm (solid circles and solid
line) and 770 nm (open circles and dashed line) pumping of (a) the
Chardonnay cell (D=1.6) and (b) the Syrah cell (D=6.2). Both
experimental determinations (circles) and calculations (lines) of the
alkali-metal polarization are shown.

larization and calculations of the expected volume-averaged
alkali-metal polarization are shown. The calculations were
performed by modeling the absorption of laser light in the
cell and the resultant position-dependent alkali-metal polar-
ization (see Appendix). For the Chekhov cell, data were ob-
tained with two 795 nm lasers, incident from opposite sides
of the oven, providing a total of 52 W of 795 nm laser light.
(We did not attempt to modify the calculations to account for
light incident from both sides of the cell.) Especially for the
pure alkali-metal cells, the data for the alkali-metal polariza-
tion are usually lower than the model, in agreement with the
earlier observation [37] that the photon efficiency is less than
the spin-exchange efficiency.
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FIG. 7. (Color online) The variation in alkali-metal polariza-
tion with spin-exchange rate for (a) 795 nm pumping of the pure
Rb Chekhov cell and (b) 770 nm pumping of the nearly pure K
Gigantor cell (D=96). Both experimental determinations (open
circles) and calculations (dashed lines) of the alkali-metal polariza-
tion are shown.

A source of uncertainty in the calculations is the actual
laser power incident on the alkali-metal vapor in the cell.
The cells used in this study were not designed for accurate
measurements of the intensity of the laser light, as they are
blown glass cylinders pumped through their side walls. We
estimated the loss in intensity due to transmission through
two glass oven windows and the cell wall to be 0.78 (4% loss
per surface). Although we did include a loss term for absorp-
tion by unpolarized alkali-metal on the cell walls [1], we did
not include any loss due to imperfect circular polarization of
the laser light. Light passing through the curved sides of the
cell will suffer some depolarization. We also did not include
any loss due to skew light propagation [41], as this is ex-
pected to be a minor effect.
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FIG. 8. (Color online) The variation in alkali-metal polarization
with spin-exchange rate for optical pumping of the Riesling cell
(D=4.3; He pressure of 3.5 bar) with 52 W of 795 nm laser light
(solid circles and solid line) or with 21 W of 770 nm laser light
(open circles and dashed line). Both experimental determinations
(circles) and calculations (lines) of the alkali-metal polarization are
shown.

It has been proposed that the decline in alkali-metal po-
larization for large D may be due to off-resonant pumping of
potassium atoms by 795 nm light [16]. Using our optical
spectrometer [31], we measured the absorption of laser light
by a pure K cell between 750 and 840 nm at temperatures up
to 520 K. The data follow the expected highly saturated,
pressure-broadened, line shape, which yields negligible ab-
sorption at 795 nm and thus do not support the assumption of
Rx/R # 0. However, our measurements were not sensitive to
the possible existence of a weak, spectrally broad absorption
feature. We currently have no other explanation for the be-
havior of large D cells.

Last, in Fig. 8 we show results for both 795 and 770 nm
pumping of the Riesling cell, for which we have obtained the
highest polarizing rate (see Sec. IV A). Whereas the data for
795 nm pumping were obtained with 52 W of laser light, we
were limited to 21 W of laser light at 770 nm. In both cases,
the laser light was incident from both sides of the oven. The
performance for 795 nm pumping of this cell actually ex-
ceeds the calculation slightly. This behavior was also ob-
served for the Chianti and Barbera cells (data not shown) and
is evident to a lesser degree for the Syrah cell (see Fig. 6). In
contrast, the data for 770 nm pumping of the Riesling cell
are significantly below the calculation, as was typically ob-
served for pure alkali-metal cells and 770 nm pumping, in
general. Including the effect of off-resonant absorption of
770 nm light by the K D, transition (assuming a pressure-
broadened line shape) yields some improvement in the com-
parison for the Riesling cell, but the effects are smaller at
1 bar and, thus, do not improve the comparisons in our other
tests. To summarize, we generally observe the best perfor-
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mance and closer agreement with models for 795 nm pump-
ing of hybrid cells, as compared to both 795 nm pumping of
pure Rb cells or 770 nm pumping of either pure K or hybrid
cells. Further studies are required to understand this observa-
tion. From the perspective of practical optical pumping, the
results with 795 nm pumping of hybrid cells with D values
between 2 and 6 are particularly promising.

V. CONCLUSIONS

We have investigated the efficiency of spin-exchange op-
tical pumping of *He gas using Rb, Rb-K, and K with spec-
trally narrowed diode array lasers operating at 795 or
770 nm. We have shown calculations that indicate the prac-
tical gain in efficiency for hybrid or pure K SEOP as com-
pared to pure Rb SEOP is a factor of 2 to 4, depending on the
cell pressure and vapor density ratio. The predicted gains are
lower than those previously reported [16] because we have
compared efficiencies at the same spin-exchange rate rather
than at the same temperature. When the temperature depen-
dences assumed in our calculations are taken into account,
the predicted gains are comparable with those of this earlier
work. Our calculations predict lower efficiencies than previ-
ously reported measurements for K [13], but the overlap be-
tween those data and the practical range of spin-exchange
rates we have considered is limited.

We have measured the vapor density ratio in Rb-K hybrid
3He cells using simple absorption of white light and obtained
results in good agreement with those obtained from pumping
rate measurements, as well as vapor density ratio determina-
tions from the Faraday rotation method [16]. Measurements
of the increased efficiency for SEOP of hybrid cells as com-
pared to pure Rb cells, as determined from either the increase
in volume that can be polarized or the increase in polarizing
rate, yield somewhat better results than calculations. For
pressures of 1-2 bar, the improvement in efficiency is typi-
cally up to factor of 3, whereas the improvement in polariz-
ing rate is up to a factor of =1.7. This improvement can be
obtained with values of the K-Rb vapor density ratio D be-
tween 2 and 6, and in this range we do not observe reduction
of the maximum alkali-metal polarization. We also observe
that the drop in polarization with increasing polarizing rates
is less steep for 795 nm pumping of Rb-K cells as compared
to either pure Rb or 770 nm pumping of pure K or Rb-K
cells. For 795 nm pumping of pure Rb cells and 770 nm
pumping of all cells, our results typically yield photon effi-
ciencies that are lower than spin-exchange efficiencies,
but for 795 nm pumping of hybrid cells this effect is less
apparent.

For larger vapor density ratios, we observe limited alkali-
metal polarization. However, direct measurements of the ab-
sorption of white light by a pure K cell indicate that off-
resonant absorption due to pressure broadening is negligible.
Larger gains are expected at higher pressures, which may
provide a more sensitive test of the utility of hybrid and pure
K cells. The limited alkali-metal polarization in high-D hy-
brid cells, even when optically pumped with intense light
that should be sufficient to fully polarize the alkali-metal
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atoms implies that a light-dependent relaxation mechanism
of some sort must be present. It seems unlikely that the *He
buffer gas is responsible for this effect.

Our data for the expected improvement in spin-exchange
efficiency for hybrid and pure K cells are in reasonable
agreement with our calculations, and provide practical evalu-
ation of the utility of Rb-K and pure K optical pumping.
However, the discrepancies may indicate issues with the
various rate constants and temperature dependences assumed
in these calculations. Improved measurements of the tem-
perature dependence of spin-relaxation rates are needed to
better estimate the possible gain in efficiency. There might
also be inaccuracy in the assumed form of the vapor pressure
ratio, for which direct measurements of the alkali-metal
densities would be useful.

We have employed two spectrally narrowed 770 nm la-
sers with linewidths of 0.2-0.26 nm FWHM to optically
pump pure K and Rb-K cells. We obtain the same ’He po-
larization limit of =75% as has been observed for 795 nm
pumping of pure Rb cells and hybrid cells. These results
confirm that the alkali-metal polarization is limited for
795 nm pumping of such cells. As expected, we have found
that SEOP of pure K at 770 nm is more efficient than SEOP
of Rb. In some cases, the gain agreed with calculations but,
in other cases, was lower than expected. This may indicate
that more careful evaluation of the possible role of
off-resonant pumping of the K D, transition is required.

Overall, both 795 nm pumping of hybrid cells and
770 nm pumping of pure K and hybrid cells yield similar
improvements compared to traditional 795 nm pumping of
pure Rb cells. Hybrid cells have the advantage that 795 nm
lasers can be employed, but cell filling is complicated by the
need to distill two alkali-metals and control the vapor density
ratio. The combination of increased laser availability along
with the spectral narrowing method makes direct optical
pumping of K now possible. In this case, cell filling is sim-
plified. However, the small fine structure splitting makes
spectral narrowing particularly important for optical pump-
ing of K. Although we obtained acceptable results using a
broadband (1.6 nm FWHM) laser, especially if slightly di-
minished maximum polarization is acceptable, the achiev-
able polarization is likely to depend strongly on the linewidth
and spectrum of the broadband laser.

Our best results were obtained with Rb-K hybrid cells
with D between 2 and 6, for which high maximum polariza-
tion, high polarizing rate, and decreased sensitivity of
the maximum polarization to spin-exchange rate were
observed. These cells showed larger improvements compared
to pure Rb cells than our calculations predicted. In
addition, the slower drop in maximum polarization with in-
creasing spin-exchange rate was an unexpected benefit of
substantial practical utility. Using 52 W of spectrally
narrowed laser light at 795 nm, we have produced 75%
polarized *He gas at a rate of 2.4 bar1/d or 50% polarized
He gas at a rate of 10.5 bar1/d. We plan studies of higher
pressure cells, for which optimized hybrid cells should yield
further improvements in performance.
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APPENDIX: ALKALI POLARIZATION MODEL

The model employed assumes that the alkali-metal polar-
ization P4(z) at any given location z along the laser beam
axis is given by

R(z)

Pu(z) = R—(z) T

(A1)
where R(z) is the optical pumping rate at that location. R(z)
is given by

R(z) = f Pz, v)o,(v)dy (A2)
where ¢(z, v) is the number of photons per unit area per unit

time in the frequency interval dv at a given z and v, and
o,(v) is the frequency-dependent optical absorption cross
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section. o4(v) was assumed to have a Lorentzian form,

T40

—a A3
1 +4A%y; (A3)

ou(v) =
where oy, is the peak cross section, A=v—y, is the fre-
quency offset from the optical pumping resonant frequency
vy, and 7y, is the pressure broadened width for the D, tran-
sition of either Rb or K. At a pressure of one bar (tempera-
ture of 296 K), ogpp=3.2X 1071 cm 0y(=4.5X 10713 cm?,
Yroo=17.2 GHz [40], and yg,=12.1 GHz [39]. A Lorentzian
form was also assumed for ¢(z,v), with the measured
widths. The total photon flux was estimated from the mea-
sured laser power incident on the oven, and the size of
the rectangular beam spot at the cell. The optical pumping
rate at a location z+Az is determined from the absorption of
circularly polarized light in the distance Az,

Pz + Az,v) = Plz, v)exp{- [A]o(V)[1 = P.P,(2)]Az}.
(A4)

Since the cells are side pumped, the total distance through
the cell is not constant; the model included a volume average
for the alkali-metal polarization with the assumption of a
cylindrical cell. A loss term for absorption by unpolarized
alkali-metal on the cell walls [1] was included.
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