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Field Dependence of Spin Relaxation in a Dense Rb Vapor
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We observe that the Rb-Rb relaxation rate for spin polarized Rb is reduced by a factor of 3 in
netic fields of a few kG, even at multiatmosphere buffer gas pressures. This reduction is propor
to the Rb density and is independent of buffer gas pressure between 100 and 3000 Torr. W
report anomalously large relaxation rates below 100 Torr. Both of these observations are incon
with the previously held assumption that the Rb-Rb relaxation arises from sudden binary collis
[S0031-9007(98)06437-0]

PACS numbers: 32.80.Bx, 32.80.Cy, 33.35.+r
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Spin-exchange optical pumping warrants study, bo
for the intrinsic interest in spin-dependent collisiona
processes, and to maximize the efficiency with whic
hyperpolarized (highly spin polarized) noble gas nucl
are produced. Large scale, efficient polarization of nob
gas nuclei is vital to such applications as polarized3He
targets for nuclear and particle experiments [1], an
magnetic resonance imaging [2].

The key collisional processes in spin-exchange op
cal pumping are spin-exchange collisions between op
cally pumped alkali atoms and the noble gas atoms, a
spin relaxation of the alkali atoms during collisions with
each other, the noble gas atoms, or other buffer spec
present. The ratio of the spin-exchange to spin-relaxati
rate determines the maximum efficiency possible for th
spin-exchange process [3]. In this Letter, we report th
the polarization loss due to Rb-Rb interactions is reduc
from its zero- field rate by a factor of 3 in a few kG
magnetic field. This field dependence persists even
to multiatmosphere buffer gas pressures. Since Rb-
relaxation accounts for a significant fraction of the po
larization loss in3He spin-exchange optical pumping [4]
our results suggest a straightforward way to increase op
cal pumping efficiency, and they require a new interpret
tion of the relaxation mechanism.

For a variety of technical reasons most current spi
exchange optical pumping experiments use Rb atoms
the alkali spin-exchange agent, so Rb relaxation rat
are of particular interest. Previous evidence, obtain
through study of the temperature and pressure depende
of the relaxation rates, is consistent with the interpretatio
that Rb relaxation occurs during sudden binary collision
with other Rb atoms, N2 molecules (which are present to
eliminate depolarization due to radiation trapping), an
the noble-gas atoms [4–6]. If the Rb spin relaxatio
occurs only during binary collisions (as opposed t
molecular formation, for example), the average collisio
time of t , 1 psec implies that laboratory magnetic field
on the order of 1 kG should have no detectable effect
the relaxation. This is because the Larmor frequency
V  mBByh̄  2p 3 2.8 GHz givesVt ø 1, so there
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is negligible precession of the electron spin about th
applied magnetic field during the collision.

Contrary to the above expectations, we observe
reduction of Rb-Rb relaxation rates in kG magnetic fields
In addition, we find that at buffer gas pressures below
few hundred Torr, the zero-field relaxation rate decreas
rapidly with increasing buffer gas pressure. This behavio
is qualitatively similar to wall relaxation, but the rate
is strongly Rb density dependent and is too large to b
explained in this way. Both of these observations lead u
to conclude that Rb-Rb spin relaxation must be explaine
by mechanisms other than sudden binary collisions.

To study the magnetic-field dependence of Rb relax
ation rates, we prepared a cylindrical stainless-steel cha
ber (1 3

8 in. diameter,2 1
2 in. length) to fit between the pole

faces of a 6 kG NMR magnet. Its windows were seale
with copper conflat gaskets recently developed for UHV
work [7]. The chamber contained Rb vapor and N2 gas.
The N2 pressure was adjustable from 100 to 3000 To
and was measured using a capacitance manometer w
the chamber at the operating temperature. We arrived
the Rb number density by measuring the Faraday rotati
of linearly polarized, near resonant light in the manne
of Ref. [8]. The Rb metal was of high purity (.99.9%)
with less than 40 ppm Cs contamination. The chamb
was inside an oven with optical access and was heat
to produce Rb number densities between3.5 3 1014 and
2.5 3 1015 cm23. We used a standing-wave Ti:sapphire
laser (500 mW) for optical pumping with,100 mW of
the laser light used for probing the spin polarization o
the alkali atoms. The light was tuned 0.5–1.5 nm of
the 5S1y2 2 5P1y2 atomic resonance line to a wavelength
where the vapor was optically thin. Care was taken t
keep the optical pumping rate much smaller than the r
laxation rate so that the Rb spin polarization was alway
below 10%. The relaxation rates were measured “in th
dark,” by rapidly shutting off the pump laser with an elec
tronic shutter after 100 msec of optical pumping and the
monitoring either the absorption or Faraday rotation of th
probe laser beam as a function of time. The combinatio
of large chamber size and approximate matching of th
© 1998 The American Physical Society
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pump laser profile to the lowest diffusion mode of th
chamber made the wall relaxation rateø450 s21yPsTorrd
which is negligible except at very low pressure. We ver
fied this value by investigating the pressure dependen
of the relaxation rate at sufficiently low pressure and R
number density, and we see no evidence of contaminat
by higher diffusion modes. At the high temperatures o
the cell, the1014 cm23 or higher alkali number density
gives Rb-Rb spin-exchange rates on the order of105 s21,
ensuring spin-temperature equilibrium for the Rb atom
[9,10]. Under conditions of spin-temperature equilibrium
observed relaxation times are longer than the electron ra
domization times by the well-known slowing-down facto
of 10.8 for Rb [3,11]. The rates reported here are the o
served rates and are not corrected for the slowing-dow
factor.

The measured relaxation rateG depends on the N2
pressureP, the magnetic fieldB, and the Rb number
density [Rb]. The dependence ofG on these parameters
is summarized in Figs. 1 and 2. Figure 1 shows th
variation ofG with B at P  969 Torr andfRbg  8.5 3

1014 cm23. Similar data taken over the entire range ofP
(100 , P , 3000 Torr) and [Rb] are always accurately
expressed as a Lorentzian whose width is independent oP
and [Rb] (as shown in the inset in Fig. 1). Figures 2a an
2b show that the height of the Lorentzian is independe
of P, but is proportional to [Rb].

We have also studied the dependence ofG on P over
the entire range ofB and [Rb]. An example is shown
in Fig. 2a. For all but the very lowest values ofP,
we find that theP dependence is well represented b
a term proportional toP (due to Rb-N2 collisions), a
term proportional to1yP (due to wall relaxation and the
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FIG. 1. Magnetic field dependence of Rb spin relaxation
969 Torr andfRbg  8.5 6 0.9 3 1014 cm23. The solid line
is a Lorentzian fit, with a half-width ofBD  1161 6 19 G.
The magnetic-field dependence implies a relaxation mechani
other than binary collisions. Most of the offset is due to Rb-N2
collisions, which are not affected by the magnetic field. If th
N2 were replaced by 969 Torr of He, the relaxation rate wou
decrease by nearly a factor of 3 between 0 and 6 kG. The in
shows thatBD is nearly independent of buffer gas pressure.
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anomalous low pressure relaxation mechanism report
here), and a term that is independent of the N2 pressure
but proportional to [Rb] (Rb-Rb relaxation). We find tha
only the Rb-Rb relaxation term varies with the applicatio
of a magnetic field. Thus, the data are well parametrize
by

GsP, B, fRbgd  G21
P0

P
1

√
kA 1

kB

1 1 sByBDd2

!
fRbg

1 G1
P
P0

. (1)

This form accurately represents our data wit
P0  760 Torr, BD  1.15 6 0.15 kG, kA  1.50 6

0.15 3 10214 cm3ys, kB  2.88 6 0.3 3 10214 cm3ys,
G1  21.2 6 1 s21 at 500 K. G21 has a more com-
plicated [Rb] dependence which is described later. A
zero field, the Rb-Rb relaxation rate isskA 1 kBd fRbg.
This linear [Rb] dependence has been previously show
[4,5,12] and our value agrees with [5] to within 10%
We find that applying aB field reduces Rb-Rb relaxation
by a factor of 1 1 kAykB  2.9 6 0.1. Since kA is
independent ofB, a possible interpretation is thatkAfRbg
is the relaxation rate due to sudden Rb-Rb collision
Rb-N2 collisions have been studied by [4], andG1 agrees
with this previous measurement to within 10% as well.
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FIG. 2. (a) Relaxation rate atB  0, B  6 kG, and their
difference kBfRbg as a function of N2 pressureP, at a
Rb number density of1.1 6 0.1 3 1015 cm23. (b) Rb-Rb
relaxation rate as a function of Rb number density measur
in fields of 0 and 6 kG. Note that the Rb-Rb relaxation rat
is reduced by a factor of2.9 6 0.1 from the zero-field rate at
all Rb densities. Our measurements of [Rb] are reproducib
to ø10%.
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We have made a number of systematic checks. Th
include measurements to verify that the relaxation ra
did not depend on the following: light intensity (of eithe
pump or probe); light frequency; proximity of detecto
and all electronics to the field region; helicity of pum
and probe beams, with respect toB field and also with
respect to each other; optical pumping and probing
the P1y2 or P3y2 transition; switching the oven from
ac to dc heating; and whether the relaxation transie
were measured by absorption or Faraday rotation.
addition we investigated a 5 amagat RbyN2y3He glass
cell [13], and observed that the relaxation rate depend
on magnetic field with similarkA, kB, and BD to those
observed in our N2 filled stainless steel chamber. Thi
rules out any possible wall effects that might come fro
the stainless steel.

Two possible noncollisional explanations for th
magnetic- field dependence include relaxation due
magnetic-field gradients and a magnetic-field depend
departure of the atoms from spin-temperature equil
rium. In the case of the magnetic- field gradients, o
experiment is in the high-pressure regime where t
relaxation rate is proportional to the diffusion coefficien
[14]. In order to explain our results, a field gradient o
the order of1 kGycm is needed. This is much larger tha
the measured field gradient for our setup. In additio
the strong observed temperature dependence, the w
pressure dependence, and the similarity between res
obtained in the glass and stainless-steel cells elimin
this possibility. As for the possible field-dependen
departure from spin-temperature equilibrium, we note th
in a magnetic field, the number of collisions required
establish spin-temperature equilibrium is increased by
factor of roughly1 1 sVyvhf d2 [15,16], wherevhfy2p

is the atomic hyperfine splitting frequency. Given th
extremely large spin-exchange rates (.105 s21) at the
temperature of this experiment, however, this effect
much too small to explain our observations. In additio
we would not expect a Lorentzian field dependence. Th
all the evidence points to the magnetic-field dependen
being a collisional effect.

Since the magnetic-field dependence is collisional
origin, the measured widthBD of 1.15 kG implies that
the source of the relaxation has a coherence timetc .

1ygSmBBD , 50 psec. kB is independent of N2 pres-
sure and Rb density over the range of parameters stud
so a natural interpretation might be a magnetic-field d
pendence of relaxation in Rb-Rb binary collisions. How
ever, the binary collision duration is much too short
explain the relaxation unless the interaction involved
the relaxation has a range of,50 100 Å, which seems
quite unlikely. We conclude that short duration binar
collisions are not responsible for most of the Rb-R
relaxation.

The next most obvious explanation is that much
the relaxation previously attributed to binary collisions
5514
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due to formation of Rb2 triplet molecules. At the pres-
sures studied here the coherence time for such molec
greatly exceeds the minimum required by the observ
field dependence. The interaction that produces the rel
ation is likely the anisotropic spin-spin interactionVSS 
2
3 ls3S ? R̂R̂ ? S 2 S ? Sd [17], whereR is the internu-
clear separation. Averaging over the rapid molecular ro
tion changes this toVSS  l

3 fS ? S 2 3sS ? N̂d2g, where
N is the rotational angular momentum of the molecul
As the electronic spin relaxes due toVSS, the hyperfine
interaction transfers angular momentum stored in the n
cleus back to the electron. The magnetic-field depende
of G and the pressure independence ofBD can then be ex-
plained as a decoupling of the hyperfine interaction.

The pressure independence ofkB over such a large
range in Fig. 2a is more difficult to understand, howeve
The relaxation rate due to triplet molecules is given b
fyTF , the product of the formation rate1yTF , and the
fraction f of the molecular angular momentum lost i
the molecular lifetimetM . The formation rate is given
by 1yTF  kfRbgytM , wherek , 450 Å3 is the chemi-
cal equilibrium coefficient which is weakly temperatur
dependent for the loosely bound triplet molecules. Th
the triplet relaxation mechanism has the correct R
density dependence. SincetM ~ 1yP, in order forkB to
be independent ofP we requiref ~ 1yP or f ~ tM , and
the data imply thatfytM  6.4 3 107 s21. We obtain
a lower limit of 5 Å2 on the cross section for breakup o
the triplet molecules by noting thatf # 1 throughout the
N2 pressure range. This lower limit is reasonable, bei
somewhat less than the known breakup cross sections
Rb-Xe van der Waals molecules [18,19]. It remains
be seen if a detailed study of the angular momentu
evolution in triplet molecules shows thatf ~ tM over
such a large range intM .

Having described the unusual behavior of Rb-Rb rela
ation, we now turn to the fit parameterG21. Figure 3
shows measured zero-field relaxation rates for Rb a
function of P at two different Rb densities, as well a
the fits to Eq. (1). At high Rb density,G21 rises dra-
matically, at a rate much too large to be explained
diffusion. This is demonstrated by the dashed lines
the figure which show the expected relaxation rates us
previously measured diffusion coefficients [4]. Furthe
more, this increase depends strongly on the Rb den
(much faster than the weak power law in temperatu
normally observed for diffusion coefficients), suggestin
again a Rb-Rb relaxation mechanism as its origin. Th
behavior is shown in the inset in Fig. 3. The rapid in
crease of the relaxation rate with decreasing pressure
suggestive of molecular formation as the origin of th
relaxation, in the limit that the relaxation probability i
small during the molecular coherence time. In this lim
the relaxation rate is proportional to the formation ra
1yTF ~ P per alkali atom times the square of the molec
lar coherence timet2

c ~ 1yP2, giving a net relaxation
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FIG. 3. Zero-field relaxation rates as a function of N2 pressure
P, at Rb densities of1.2 6 0.1 3 1014 cm23 and1.05 6 0.1 3
1015 cm23. Solid lines are a fit of the form of Eq. (1). Dashed
lines show what is expected assuming diffusionywall relaxation
is responsible for theG21yP term. The inset shows the
dependence ofG21 on the Rb density, with the dashed line
again showing the expected value assuming diffusion as
relaxation mechanism.

rate that varies inversely with pressure. This behavior
well known, for example, in alkali-Xe relaxation where
van der Waals molecules are known to be important [2
but has never been observed in alkali-alkali relaxatio
We believe that the low pressure relaxation, and its R
density dependence, result from Rb2

1
S1

g molecules [21].
The relaxation rate due to these molecules decreases w
increasing buffer gas pressure and lacks a magnetic-fi
dependence at high pressure. Thus, the results sho
in Figs. 1 and 2 must be explained by an addition
relaxation mechanism.

In conclusion, we have discovered that magnetic fiel
of a few kG reduce Rb-Rb relaxation rates by abo
a factor of 3, even at multiatmosphere pressures. T
relaxation mechanism is not yet understood, but t
result has important implications for the efficiency o
hyperpolarized3He production. In spin-exchange optica
pumping of3He, with only a small quantity of N2, a large
fraction of the angular momentum loss is through Rb-R
spin relaxation. We estimate that the application of a fe
kG magnetic field will allow the polarized3He production
rate to be increased by about a factor of 2 witho
loss of polarization for a typical large scale pumpin
apparatus. This makes spin-exchange optical pump
more attractive relative to metastability exchange [22,2
for production of hyperpolarized3He.
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