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Polarization of 3He by Spin Exchange with Optically Pumped Rb and K Vapors
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(Received 13 August 1997)

We report on extensive experimental measurements of the key rates that determine the efficiency
for polarizing the nuclei of3He 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 to3HeRb collisions. We also find that the maximum possible efficiency for spin-exchange
polarization of3He 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
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Applications of hyperpolarized3He (where the nuclear
spin polarization is many tens of percent) include ta
gets for nuclear scattering experiments [1], neutron be
polarizers and analyzers [2], masers for tests of fund
mental symmetries [3], and medical magnetic resonan
imaging [4–7]. These applications have encourag
the optimization of hyperpolarization methods, the mo
successful of which are metastability-exchange optic
pumping [5,8] and spin-exchange optical pumping [9
the subject of this Letter. Literature values for the ke
spin-exchange and spin-loss rates are sufficiently inc
sistent with each other that reliable modeling of pola
ization systems is not possible. We have therefore ma
extensive experimental studies to determine key rates
3HeRb. An effective new method was used to measu
the spin-exchange efficiencies for3HeRb and3HeK. Im-
portant new results of these studies are as follows:
spin depolarization rate of Rb atoms due to collisions w
3He increases very rapidly with the absolute temperatu
T —approximately asT4; the temperature dependence o
the other key relaxation rates is too small to measure;
maximum possible spin-exchange efficiencyh for 3HeK
is 10 times greater than that of3HeRb at representative
temperatures for spin-exchange optical pumping.

The spin destruction rates were determined as a funct
of temperature by measurements of Rb spin relaxation
the dark” [10,11]. A Ti:sapphire laser with a 500 kH
linewidth provided tunable laser radiation near 794.8 n
(the Rb5S1y2 ! 5P1y2 D1 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
periodically polarize the Rb vapor, as sketched in Fig. 1(
The dark interval was 20 times the light interval. Th
pump beam was expanded to entirely cover the sam
cell with collimated light, directed along a 31 G uniform
magnetic field produced by Helmholtz coils, 1.5 m i
diameter. The spherical cells, with radiir ø 10 mm,
were blown from Corning 1720 glass. They were filled
room temperature with 3 to 14 amagat of3He (1 amagat
2.69 3 1019 molecules cm23), approximately 0.08 amaga
of N2 for quenching, and a few mg of Rb metal o
natural isotopic abundance. The cells were maintained
temperatures of 90 to 190±C, by hot air, flowing in an oven
0031-9007y98y80(13)y2801(4)$15.00
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with glass windows. A circularly polarized probe bea
with a power of a few mW crossed the cell at a small ang
,5±) with respect to the magnetic field and was direct
onto the face of a photodetector. The transient dec
signal, resulting from the depolarization of the Rb whe
the pump radiation was blocked by the chopping whe
was recorded by a digital oscilloscope. In the analysis
our data, we used only the slowest (late-time) exponen
time constant, which we denote byT1.

A number of precautions were taken to minimiz
systematic errors. To limit diffusion losses of polarize
Rb to the cell walls [9,12], and to ensure homogeneo
pumping and detection over the entire cell, the Ti:sapph
laser was normally detuned from resonance by a f
tenths of a nm. Although the probe laser was lo
power, it did increase the transient relaxation rates,
we measured1yT1 for a series of low probe-laser power
(from 5 to 0.5 mW) and extrapolated to the zero-pow
limit. The extrapolation gave the same limiting rate1yT1

for various values of the detuning.
Because of the high gas pressure of these experime

it is not practical to account for diffusion by a norma

FIG. 1. (a) Apparatus for measuring Rb spin relaxation in t
dark. (b) Apparatus for measuring spin-exchange efficiency
© 1998 The American Physical Society 2801
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mode expansion, which would involve many mode
of comparable weights. In complete analogy to th
temperature distribution of a classical “heat pole” at on
end of a thermally conducting rod [13], at a timet after
termination of the pumping light, diffusion produces
surface layer of Rb atoms with a polarization which varie
with distancez from the cell walls aserfszy

p
4Dt d, where

erf denotes the error function, andD is the diffusion
coefficient of Rb atoms in the gas. Diffusion increase
the spin-relaxation rate due to gas-phase collisions
,

p
Dyspr2T1d, which can amount to as much as 5%

of 1yT1 in our lowest-pressure cells. The gas-induce
relaxation rate, corrected for diffusion to the walls, ca
therefore be estimated to beg  1yT1 2

p
Dyspr2T1d.

We measured the dependence ofg on the 3He and
Rb number densities ([He] and [Rb]) and the absolu
gas temperatureT . We determined [He] in two ways:
from the measured pressures at the time the cell w
manufactured, and from the pressure-broadened absorp
profile of D1 light, from which [He] can be extracted with
better than 3% accuracy [14]. We determined [Rb] b
measuring the cells’ temperature (using a sensor attac
directly to the cell) and by applying the Killian formula
[15]. We independently determined [Rb] in each ce
from the integrated absorption profile of laser light fo
temperatures between 90 and 160±C. The Killian formula
was in excellent agreement with these measurements.
discrepancies were at the 6% level or below, and c
be attributed to the61 K uncertainty in our temperature
measurements. To avoid optical pumping, low-pow
linearly polarized light was used in the spectroscop
determinations of [Rb] and [He].

Figure 2(a) displays representative values ofg mea-
sured in four different pumping cells and plotted as
function of [Rb] (the bottom scale). The temperatur
scale across the top of Fig. 2(a) is related to the botto
scale by the Killian formula [15]. The two scales ar
equivalent, except for data from a cell containing a RbN
alloy (labeled RbNa) which is plotted versus spectrosco
ically measured values of [Rb], which are smaller than t
Killian value. The experimental signal-to-noise ratio va
ied with temperature, and was optimal near 150±C. The
1s statistical uncertainty in the fitted value ofg, extrapo-
lated to zero probe power, was approximately 4% ne
150±C, increasing to 10% at the limits of our temperatur
range. Analysis of our extensive data shows that the la
time rateg is well described by

g  k0
sdfRbg 1 k00

sdfN2g 1 sksd 1 ksed fHeg . (1)

That is, the gas-induced relaxation is the sum of cont
butions from RbRb, N2Rb, and3HeRb interactions (with
rate coefficientsk0

sd, k
00
sd, andksd) and from3HeRb spin

exchange with a rate coefficientkse. The solid lines of
Fig. 2(a) were obtained from Eq. (1), with temperatur
dependent late-time rate coefficientsk determined as out-
lined below.
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FIG. 2. (a) Representative data for gas-induced spin rela
tion rate g of Rb versus Rb number density. The uppe
scale gives the temperature of the saturated Rb vapor, exc
for the RbNa alloy, where the temperature was higher. (
Representative data forg versus [He] for fixedT and [Rb].
The data pointsg are the difference between the late-tim
decay rates,1yT1, and a small (few per cent) diffusional
correction

p
Dyspr2T1d (see text). The solid lines are from

Eq. (1), with the coefficients of Eqs. (2) and (3).

Representative data, plotted as a function of [He
are shown in Fig. 2(b). The rates depend linearly o
[He] with no evidence for a dependence onfHeg2

as reported by Larsonet al. [16]. In accordance with
Eq. (1), the slopes give the late-time rate coefficien
ksd 1 kse, which increase with temperature, and can b
well represented by the empirical function

ksd 1 kse  9.29 3 10231T4.259 cm3 s21, (2)
with T in K. Recent calculations of Walkeret al. [17] for
relaxation via the spin-rotation interaction exhibit a com
parable magnitude and strong temperature depende
provided that the late-time rate coefficient of Eq. (2)
multiplied by a nuclear slowing-down factor ofs  10.8,
appropriate for sudden binary collisions and a spin tem
perature [12,18]. The resulting electron spin-destructi
coefficient for3HeRb collisions isssksd 1 ksed  1.0 3

10229T4.259 cm3 s21.
The intercepts of the straight-line fits of Fig. 2(b) giv

k
0
sdfRbg 1 k

00
sdfN2g of Eq. (1). The intercepts show a

linear dependence on [Rb], with a slope
k0

sd  s3.9 6 0.4d 3 10214 cm3 s21, (3)
which is independent of temperature. The error estima
is dominated by the statistical spread of the measureme
and by the uncertainties of the Rb densities.
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For comparison with previous measurements at lo
magnetic field, where the rate coefficients for late-tim
exponential decay were multiplied by the slowing-dow
factor s  10.8, our value of sk

0
sd from Eq. (3) is

smaller by a factor of 2 than published values [12,16,19
perhaps because of the previously unrecognized stro
temperature dependence ofksd. Walker [20] has kindly
informed us that he and his colleagues at the University
Wisconsin have found that the Rb-induced rate decrea
by a factor of 2 or more at magnetic fields of
few kilogauss. This field dependence, which we ha
confirmed in our laboratory, is incompatible with th
assumption of sudden Rb–Rb collisions, the rationale
the slowing-down factors.

As indicated in Fig. 2(a), we were able to check th
validity of Eq. (1) with a cell containing an alloy of
Rb and Na metal, 9 amagats of3He and 0.08 amagats
of N2. The Rb vapor pressure over the RbyNa alloy
was reduced by a factor of 3 (as determined by t
spectroscopic methods mentioned above) relative to p
Rb at the same temperature. The Na had negligib
effect on the relaxation rate, due to its small parti
pressure at these temperatures. The solid line, which
in excellent agreement with the data points labeled RbN
was calculated versus measured values of [Rb] andT with
Eq. (1) and the late-time rate coefficients discussed abo

We also performed a direct measurement of the ma
mum possible photon efficiencyh of spin exchange op-
tical pumping, where1yh is the minimum number of
photons needed to providēhy2 units of spin to an ini-
tially unpolarized3He nucleus and fully polarize it [9,21].
The Rb spin polarizationPRb induced in the absence of
optical pumping by spin exchange with3He of nuclear
polarizationPHe is

PRb  ksefHegPHeyg  hPHe . (4)

From the measurements ofg, discussed above, and from
independent measurements ofPRb, PHe, we determine the
efficiencyh and the3He spin-exchange ratekse. Unlike
previous experimental methods for measuringkse [16,24],
this new, polarization-ratio method requires no preci
knowledge of the Rb number density or of the wal
induced relaxation rate of3He.

We optically pumped a3HeRb cell containing 7.0 ama-
gat of 3He and 0.07 amagat of N2 until the 3He polariza-
tion was (20–50)%. After the pumping laser was turne
off, the Rb vapor remained partially polarized by spin e
change with3He. Since the3He remained polarized for
many hours, we could carry out a number of measureme
before the3He polarization was too small for use.

To measure the Rb polarization [see Fig. 1(b)] we let
weak, linearly polarized probe beam from the Ti-sapphi
laser pass through a photoelastic modulator (PEM), w
its fast and slow optical axes oriented at 45± to the linear
polarization. The PEM produced a time-varying phase r
tardation between the fast and slow axesfstd  f0 sinvt.
The light emerging from the PEM had circular polarizatio
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szstd  sinfstd with components oscillating at the fre-
quenciesnv (n  1, 3, . . .) with amplitudes proportional
to the Bessel functionsJnsf0d. The probe beam, tuned
close to resonance for the Rb atoms, passed through the c
to a photodetector, whereVdc andVac, the dc and ac com-
ponents of the photodetector voltage, were measured with
dc voltmeter and a lock-in amplifier, referenced to the PEM
drive frequencyv  2p 3 50 kHz. To calibrate the de-
tectors and the PEM, the probe laser was detuned from t
Rb absorption line and a circular analyzer (a quarter-wav
plate followed by a polarizing beam-splitter cube) was in
serted in the path of the beam. The calibrating voltagesydc
andyac were measured with the same procedure outline
above. Finally, the circular analyzer was removed and th
dc voltageV0 was measured for the detuned probe beam
Since Rb atoms absorbD1 photons of mean polarizationsz

with an effective cross sections0s1 2 PRbszd, and since
the polarization-induced increment to the optical depth i
very smallrfRbgs0PRb ø 1), one can readily show that
the Rb polarization, averaged along the probe beam, is

PRb 
ydcVac

yacVdc lnsV0yVdcd
. (5)

All voltages were normalized to constant probe-lase
intensity. We verified that the measured value ofPRb

(typically a few percent or less) was independent of th
amount of probe detuning.

For the measurement of the3He polarization we used
the polarization-dependent shift of the Rb Zeeman fre
quency [22]. We measured the Zeeman resonance fr
quency of the Rb atoms by scanning a radio frequenc
(RF) field through a small frequency interval centered a
about,14.4 MHz where Zeeman resonances of85Rb oc-
cur for a 31 G field. The RF transitions diminished the
Rb polarization and thereforeVac. The center frequency
n1 of the resulting resonance line could be determine
to 60.5 kHz. We reversed the direction of3He spins by
adiabatic fast passage to measure the shifted Rb resona
frequencyn2. The3He polarization is

PHe 
3sn1 2 n2d

16pmK fHegk0sdnydBd
, (6)

where mK is the magnetic moment of the3He nucleus,
dnydB is the rate of change of the Rb resonance
frequency with magnetic field, and the frequency-shif
coefficient [k0sTd ø 1.97 1 0.00934T with T in K] for
the 3HeRb system [22] has been measured as a functio
of temperature [23] with an accuracy of 1.5%.

For 3HeK, the value ofk0 was determined by measure-
ments in a3He cell containing both K and Rb. Thus, the
Rb frequency shift served to determine the3He polariza-
tion, permitting a precise measurement ofk0 for K. We
find thatk0, K  s0.94 6 0.01dk0, Rb over the entire tem-
perature range of interest. Thenh was measured in a3He
optical pumping cell containing only K metal, 6.9 amaga
of 3He, and 0.09 amagat of N2.
2803
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Our results for the spin-exchange efficiencies for
3HeRb and3HeK are shown as a function of temperature
in Fig. 3(a). For K, the measured efficiency is well
described byhsT d  0.756 2 0.001 09T with T in K.
Before insertion into Eq. (4), the average polarizations
of Eq. (5) were increased by 5% for Rb and 13% for K
to compensate for the effect of the depolarized diffusion
layer near the walls [9]. The errors of our measurements
8% for Rb and 20% for K, are dominated by the statistica
uncertainty and the systematic error due to the diffusio
correction. This large measured value ofh for 3HeK
compared to that for3HeRb was foreseen in the theo-
retical estimates of Walkeret al. [17], who also predict
efficiencies of nearly 100% for Na. Under appropriate
conditions, lasers pumping K or Na atoms could provide
the same polarization rates as those used today in th
3HeRb system but with one or two orders of magnitude
less laser power.

In accord with Eqs. (1) and (5),kse was found from the
measured values ofh and the late-time rateg to be

kse  hgyfHeg  s6.2 6 0.6d 3 10221 cm3 s21, (7)

with no measurable temperature dependence. The err
is dominated by the statistical uncertainty in the measure
ment of the Rb and He polarizations and the late-time
rate g. Since the measurements ofh and g were per-

FIG. 3. (a) Spin-exchange efficiencies (note logarithmic scale
for 3HeRb (7.0 amagat of3He) and3HeK (6.9 amagat of3He)
versus temperature. (b) Summary of temperature dependenc
of key spin-relaxation rate coefficients:sksd for 3HeRb spin
destruction andskse for 3HeRb spin exchange. The slowing-
down factors  10.8 converts the rate coefficients for late-time
transients of Rb vapor with natural isotopic composition to rate
coefficients for a hypothetical Rb atom with no nuclear spin.
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formed under similar conditions on the same cell, cer
tain sources of error cancel in the calculation ofkse.
Multiplying the coefficient kse of Eq. (7) by the nu-
clear slowing-down factors  10.8, we infer a coeffi-
cient s6.7 6 0.6d 3 10220 cm3 s21 for polarizing3He by
spin exchange with optically pumped Rb. This value
agrees well with a measurement of Larsonet al. [16]:
kse  s6.2 6 0.2d 3 10220 cm 23 s21, but is about a fac-
tor of 2 smaller than the result of Coulteret al. [24]. A
summary of the late-time rate coefficients for3HeRb is
shown in Fig. 3(b).

This work was supported by the AFOSR and the
Defense Advanced Research Project Agency (DARPA)
with assistance from the Princeton cyclotron group,
funded by the NSF.

[1] K. Abe et al., Phys. Rev. Lett.79, 26 (1997).
[2] G. L. Greene, A. K. Thompson, and M. S. Dewey, Nucl.

Instrum. Methods Phys. Res., Sect. A356, 177 (1994).
[3] T. E. Chupp, R. J. Hoare, R. L. Walsworth, and Bo Wu,

Phys. Rev. Lett.72, 2363 (1994).
[4] M. S. Albert, G. D. Cates, B. Driehuys, W. Happer,

B. Saam, C. S. Springer, and A. Wishnia, Nature (London)
370, 188 (1994).

[5] M. Ebert, T. Grossman, W. Heil, W. E. Otten, R. Surkau,
M. Leduc, P. Bachert, M. V. Knopp, L. R. Schad, and
M. Thalen, Lancet347, 1297 (1996).

[6] J. R. MacFallet al., Radiology200, 553 (1996).
[7] J. P. Mugler III et al., Magn. Reson. Med.37, 809 (1997).
[8] P. J. Nacher and M. Leduc, J. Phys. (Paris)46, 2057

(1985).
[9] T. Walker and W. Happer, Rev. Mod. Phys.69, 628

(1997).
[10] W. Franzen, Phys. Rev.115, 850 (1959).
[11] M. Aymar, M. A. Bouchiat, and J. Brossel, J. Phys. (Paris)

30, 619 (1969).
[12] M. E. Wagshul and T. E. Chupp, Phys. Rev. A49, 3854

(1994).
[13] A. Sommerfeld,Partial Differential Equations in Physics

(Academic, New York, 1949).
[14] M. V. Romalis, E. Miron, and G. D. Cates, Phys. Rev. A

56, 4569 (1997).
[15] T. J. Killian, Phys. Rev.27, 578 (1926).
[16] B. Larson, O. Häusser, P. P. J. Delheij, D. M. Whittal, and

D. Thiessen, Phys. Rev. A44, 3108 (1991).
[17] T. G. Walker, J. H. Thywissen, and W. Happer, Phys. Rev

A 56, 2090 (1997).
[18] W. Happer, Rev. Mod. Phys.44, 169 (1972).
[19] R. J. Knize, Phys. Rev. A40, 6219 (1989).
[20] T. G. Walker, W. A. Anderson, and S. Kadlicek (private

communication).
[21] N. D. Bhaskar, W. Happer, and T. McClelland, Phys. Rev.

Lett. 49, 25 (1982).
[22] A. S. Barton, N. R. Newbury, G. D. Cates, B. Driehuys,

H. Middleton, and B. Saam, Phys. Rev. A49, 2766 (1994).
[23] M. V. Romalis, Ph.D. thesis, Princeton University, 1997.
[24] K. P. Coulter, A. B. McDonald, W. Happer, T. E. Chupp,

and M. E. Wagshul, Nucl. Instrum. Methods Phys. Res.,
Sect. A270, 90 (1988).


