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Polarization of 3He by Spin Exchange with Optically Pumped Rb and K Vapors
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We report on extensive experimental measurements of the key rates that determine the efficiency
for polarizing the nuclei ofHe by spin exchange with optically pumped Rb vapor. In agreement
with recent theoretical predictions, we find a strong temperature dependence of the electron-spin loss
rates due tdHeRb collisions. We also find that the maximum possible efficiency for spin-exchange
polarization offHe by K is 10 times greater than for Rb. [S0031-9007(98)05659-2]

PACS numbers: 32.80.Bx, 32.70.Jz, 32.80.Cy

Applications of hyperpolarizedHe (where the nuclear with glass windows. A circularly polarized probe beam
spin polarization is many tens of percent) include tar-with a power of a few mW crossed the cell at a small angle
gets for nuclear scattering experiments [1], neutron beam5°) with respect to the magnetic field and was directed
polarizers and analyzers [2], masers for tests of fundaento the face of a photodetector. The transient decay
mental symmetries [3], and medical magnetic resonancsignal, resulting from the depolarization of the Rb when
imaging [4-7]. These applications have encouragedhe pump radiation was blocked by the chopping wheel,
the optimization of hyperpolarization methods, the mostwvas recorded by a digital oscilloscope. In the analysis of
successful of which are metastability-exchange opticabur data, we used only the slowest (late-time) exponential
pumping [5,8] and spin-exchange optical pumping [9],time constant, which we denote .
the subject of this Letter. Literature values for the key A number of precautions were taken to minimize
spin-exchange and spin-loss rates are sufficiently incorsystematic errors. To limit diffusion losses of polarized
sistent with each other that reliable modeling of polar-Rb to the cell walls [9,12], and to ensure homogeneous
ization systems is not possible. We have therefore madeumping and detection over the entire cell, the Ti:sapphire
extensive experimental studies to determine key rates fdaser was normally detuned from resonance by a few
3HeRb. An effective new method was used to measuréenths of a nm. Although the probe laser was low
the spin-exchange efficiencies f#leRb and®HeK. Im-  power, it did increase the transient relaxation rates, so
portant new results of these studies are as follows: theve measured /T, for a series of low probe-laser powers
spin depolarization rate of Rb atoms due to collisions with(from 5 to 0.5 mW) and extrapolated to the zero-power
3He increases very rapidly with the absolute temperaturéimit. The extrapolation gave the same limiting ratér;

T —approximately ag'*; the temperature dependence offor various values of the detuning.

the other key relaxation rates is too small to measure; the Because of the high gas pressure of these experiments,
maximum possible spin-exchange efficiengyfor 3HeK it is not practical to account for diffusion by a normal

is 10 times greater than that 8HeRb at representative

temperatures for spin-exchange optical pumping.

The spin destruction rates were determined as a function
of temperature by measurements of Rb spin relaxation “in
the dark” [10,11]. A Ti:sapphire laser with a 500 kHz
linewidth provided tunable laser radiation near 794.8 nm
(the Rb5S,/» — 5P1/» D; transition) for both pump and
probe beams. A 1 W, circularly polarized pump beam,
mechanically chopped at a rate of 2—30 Hz, was used to
periodically polarize the Rb vapor, as sketched in Fig. 1(a).
The dark interval was 20 times the light interval. The
pump beam was expanded to entirely cover the sample
cell with collimated light, directed along a 31 G uniform
magnetic field produced by Helmholtz coils, 1.5 m in
diameter. The spherical cells, with radii= 10 mm,
were blown from Corning 1720 glass. They were filled at
room temperature with 3 to 14 amagatbfe (I amagat=
2.69 X 10" molecules cm?), approximately 0.08 amagat
of N, for quenching, and a few mg of Rb metal of

natural isotopic abundance. The cells were maintained atic. 1.
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(a) Apparatus for measuring Rb spin relaxation in the

temperatures of 90 to 19C, by hot air, flowing in an oven dark. (b) Apparatus for measuring spin-exchange efficiency.
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mode expansion, which would involve many modes 120 140 180 180 170 °C
of comparable weights. In complete analogy to the ] 12.6 amagat
temperature distribution of a classical “heat pole” at one
end of a thermally conducting rod [13], at a timefter
termination of the pumping light, diffusion produces a
surface layer of Rb atoms with a polarization which varies
with distancez from the cell walls asrf(z/+/4Dt ), where
erf denotes the error function, and is the diffusion
coefficient of Rb atoms in the gas. Diffusion increases
the spin-relaxation rate due to gas-phase collisions by 0 | ——
~+/D/(7r?T;), which can amount to as much as 5% 0 10 B
of 1/T, in our lowest-pressure cells. The gas-induced Rb density (10~ em')
relaxation rate, corrected for diffusion to the walls, can 1
therefore be estimated to he= 1/T, — /D /(@ r?T}). 80
We measured the dependence jofon the *He and 1 (b)
Rb number densities ([He] and [Rb]) and the absolute 60
gas temperaturd. We determined [He] in two ways:
from the measured pressures at the time the cell was
manufactured, and from the pressure-broadened absorption ‘ 1 -
profile of D; light, from which [He] can be extracted with P
better than 3% accuracy [14]. We determined [Rb] by 17
measuring the cells’ temperature (using a sensor attached 0 8 16 o4 32 0
directly to the cell) and by applying the Killian formula 3He density (10" cri®)
[15]. We independently determined [Rb] in each cell

from the integrated absorption profile of laser light for . ,
temperatures between 90 and 260 The Killian formula tion rate y of Rb versus Rb number density. The upper
P scale gives the temperature of the saturated Rb vapor, except

Was in eXC(JTIIent agreement with these measurements. Tlf@' the RbNa a||0y’ where the temperature was h|ghe|' (b)
discrepancies were at the 6% level or below, and caRepresentative data foy versus [He] for fixed7 and [Rb].
be attributed to the-1 K uncertainty in our temperature The data pointsy are the difference between the late-time

measurements. To avoid optical pumping, low-powerdecay rat‘f/s—’l// (Tllza”)d a small (few per cent) diffusional
; ; : ; . correction/D /(mr?T) (see text). The solid lines are from
linearly polarized light was used in the spectroscoplcEq_ (1), with the coefficients of Egs. (2) and (3).

determinations of [Rb] and [He].
Figure 2(a) displays representative valuesyoimea- Representative data, plotted as a function of [He],
sured in four different pumping cells and plotted as age shown in Fig. 2(b). The rates depend linearly on
function of [Rb] (the bottom scale). The temperature[e] with no evidence for a dependence Gile]?
scale across th_e_top of Fig. 2(a) is related to the bottomg reported by Larsoet al.[16]. In accordance with
scale by the Killian formula [15]. The two scales aregq. (1), the slopes give the late-time rate coefficients
equivalent, except for data from a cell containing a RbNastl + ks, Which increase with temperature, and can be

alloy (labeled RbNa) which is plotted versus spectroscopye|| represented by the empirical function
ically measured values of [Rb], which are smaller than the Keg + K = 929 X 107317429 ¢m3 ! )
N se . ’

Killian value. The experimental signal-to-noise ratio var- . . :
ied with temperature, and was optimal near 160 The with T n K._Recent qalculat]ong of Wal.keat al. [1.7] for
relaxation via the spin-rotation interaction exhibit a com-

1o statistical uncertainty in the fitted value of extrapo- :
lated to zero probe power, was approximately 4% neaParable magnitude and strong temperature dependence,

150°C, increasing to 10% at the limits of our temperaturepro"ided that the late-time rate coefficient of Eq. (2) is

range. Analysis of our extensive data shows that the latdnultiPlied by a nuclear slowing-down factor sf= 10.8,
time ratey is well described by appropriate for sudden binary collisions and a spin tem-

perature [12,18]. The resulting electron spin-destruction
y = KLRE] + kN2 + (e + k) [He]. (1) Coefficient for'HeRb collisions (i + ) = 1.0
That is, the gas-induced relaxation is the sum of contri- , Th€ intercepts of the straight-line fits of Fig. 2(b) give
butions from RbRb, BRb, and*HeRb interactions (with xsa[Rb] + k[N2] of Eg. (1). The intercepts show a
rate coefficientsc’y, x,, and k) and from>HeRb spin  linear dependence on [Rb], with a slope

exchange with a rate coefficiert.. The solid lines of Kklg = (3.9 £ 04) x 107" cm’s™!, 3)

Fig. 2(a) were obtained from Eq. (1), with temperature-which is independent of temperature. The error estimate
dependent late-time rate coefficiemtsletermined as out- is dominated by the statistical spread of the measurements
lined below. and by the uncertainties of the Rb densities.
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FIG. 2. (a) Representative data for gas-induced spin relaxa-
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For comparison with previous measurements at low,(t) = sing(r) with components oscillating at the fre-
magnetic field, where the rate coefficients for late-timequenciesnw (n = 1,3,...) with amplitudes proportional
exponential decay were multiplied by the slowing-downto the Bessel functiong, (¢,). The probe beam, tuned
factor s = 10.8, our value of skly from Eq. (3) is close to resonance for the Rb atoms, passed through the cell
smaller by a factor of 2 than published values [12,16,19]fo0 a photodetector, whefé,. andV,., the dc and ac com-
perhaps because of the previously unrecognized strorgpnents of the photodetector voltage, were measured with a
temperature dependence &f;. Walker [20] has kindly dc voltmeter and a lock-in amplifier, referenced to the PEM
informed us that he and his colleagues at the University ofirive frequencyw = 27 X 50 kHz. To calibrate the de-
Wisconsin have found that the Rb-induced rate decreasésctors and the PEM, the probe laser was detuned from the
by a factor of 2 or more at magnetic fields of a Rb absorption line and a circular analyzer (a quarter-wave
few kilogauss. This field dependence, which we haveplate followed by a polarizing beam-splitter cube) was in-
confirmed in our laboratory, is incompatible with the serted inthe path of the beam. The calibrating voltages
assumption of sudden Rb—Rb collisions, the rationale foandv,. were measured with the same procedure outlined
the slowing-down factos. above. Finally, the circular analyzer was removed and the

As indicated in Fig. 2(a), we were able to check thedc voltageV, was measured for the detuned probe beam.
validity of Eq. (1) with a cell containing an alloy of Since Rb atoms absoi®, photons of mean polarization
Rb and Na metal, 9 amagats &fle and 0.08 amagats with an effective cross sectiomy(1 — Pgps.), and since
of N,. The Rb vapor pressure over the M alloy the polarization-induced increment to the optical depth is
was reduced by a factor of 3 (as determined by thevery small-[Rb]ooPry < 1), one can readily show that
spectroscopic methods mentioned above) relative to purie Rb polarization, averaged along the probe beam, is
Rb at the same temperature. The Na had negligible
effect on the relaxation rate, due to its small partial PRy = )
pressure at these temperatures. The solid line, which is VacVae IN(Vo/ V)
in excellent agreement with the data points labeled RbN
was calculated versus measured values of [Rb]amdth intensity. We verified that the measured value R

Eq. (1) and the late-time rate coefficients discussed abov.‘ftypically a few percent or less) was independent of the
We also performed a direct measurement of the maxiz - ount of probe detuning

mum possible photon efficiency of spin exchange op- For the measurement of théle polarization we used

tical pumping, wherel/n_ is the .m‘”imu”.‘ number 9f the polarization-dependent shift of the Rb Zeeman fre-
photons nee_ded to provide/2 units of Spin to an ini- guency [22]. We measured the Zeeman resonance fre-
tially unpolgrlzed3l-!e n_ucleus_and fuIIy_ polarize it [9,21]. quency of the Rb atoms by scanning a radio frequency
Th? Rb spin .polarlzan(.)rPRb induced n the absence of (RF) field through a small frequency interval centered at
optical pumping by spin exchange withtle of nuclear about~14.4 MHz where Zeeman resonances®oRb oc-
polarizationPye is cur for a 31 G field. The RF transitions diminished the
Pry = kee|HelPye/y = nPHe . (4)  Rb polarization gnd thereforéac._ The center frequenc_:y
v, of the resulting resonance line could be determined
to +0.5 kHz. We reversed the direction éHe spins by
adiabatic fast passage to measure the shifted Rb resonance
frequencyr,. The*He polarization is

Vdc Vac

(5)

Nl voltages were normalized to constant probe-laser

From the measurements ¢f discussed above, and from
independent measurementsRyf,, Pu., we determine the
efficiency » and the’He spin-exchange rate,.. Unlike
previous experimental methods for measurig[16,24],
this new, polarization-ratio method requires no precise 3(vi — v2)
knowledge of the Rb number density or of the wall- Pue = 167 ux[Helko(dv/dB)’
induced relaxation rate dHe.
We optically pumped &HeRb cell containing 7.0 ama- where ux is the magnetic moment of théHe nucleus,
gat of 3He and 0.07 amagat of Nuntil the *He polariza- dv/dB is the rate of change of the Rb resonance
tion was (20—50)%. After the pumping laser was turnedrequency with magnetic field, and the frequency-shift
off, the Rb vapor remained partially polarized by spin ex-coefficient fo(T) = 1.97 + 0.00934T with T in K] for
change withi’He. Since the/He remained polarized for the *HeRb system [22] has been measured as a function
many hours, we could carry out a number of measurementsf temperature [23] with an accuracy of 1.5%.
before the’He polarization was too small for use. For3HeK, the value ofcy was determined by measure-
To measure the Rb polarization [see Fig. 1(b)] we let anents in @He cell containing both K and Rb. Thus, the
weak, linearly polarized probe beam from the Ti-sapphireRb frequency shift served to determine thée polariza-
laser pass through a photoelastic modulator (PEM), witliion, permitting a precise measurementffor K. We
its fast and slow optical axes oriented at' 46 the linear find thatxo x = (0.94 = 0.01)xo,rp Over the entire tem-
polarization. The PEM produced a time-varying phase reperature range of interest. Thenwas measured in¥He
tardation between the fast and slow ads) = ¢sinwz.  optical pumping cell containing only K metal, 6.9 amagat
The light emerging from the PEM had circular polarizationof *He, and 0.09 amagat of,N

(6)
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Our results for the spin-exchange efficiencies forformed under similar conditions on the same cell, cer-
3HeRb and’HeK are shown as a function of temperaturetain sources of error cancel in the calculation maf.
in Fig. 3(a). For K, the measured efficiency is well Multiplying the coefficient k.. of Eq. (7) by the nu-
described byn(T) = 0.756 — 0.001 097 with T in K.  clear slowing-down factos = 10.8, we infer a coeffi-
Before insertion into Eq. (4), the average polarizationscient(6.7 + 0.6) X 1072° cm?s~! for polarizing*He by
of Eqg. (5) were increased by 5% for Rb and 13% for Kspin exchange with optically pumped Rb. This value
to compensate for the effect of the depolarized diffusioragrees well with a measurement of Larsenal. [16]:
layer near the walls [9]. The errors of our measurementsg,, = (6.2 = 0.2) X 1072 cm ~3s~!, but is about a fac-
8% for Rb and 20% for K, are dominated by the statisticaltor of 2 smaller than the result of Coultet al. [24]. A
uncertainty and the systematic error due to the diffusiorssummary of the late-time rate coefficients fadeRb is
correction. This large measured value gffor *HeK  shown in Fig. 3(b).
compared to that foFHeRb was foreseen in the theo- This work was supported by the AFOSR and the
retical estimates of Walkeet al.[17], who also predict Defense Advanced Research Project Agency (DARPA),
efficiencies of nearly 100% for Na. Under appropriatewith assistance from the Princeton cyclotron group,
conditions, lasers pumping K or Na atoms could providefunded by the NSF.
the same polarization rates as those used today in the
3HeRb system but with one or two orders of magnitude

less laser power.
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