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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 mag-
netic fields of a few kG, even at multiatmosphere buffer gas pressures. This reduction is proportional
to the Rb density and is independent of buffer gas pressure between 100 and 3000 Torr. We also
report anomalously large relaxation rates below 100 Torr. Both of these observations are inconsistent
with the previously held assumption that the Rb-Rb relaxation arises from sudden binary collisions.
[S0031-9007(98)06437-0]

PACS numbers: 32.80.Bx, 32.80.Cy, 33.35.+r

Spin-exchange optical pumping warrants study, bothis negligible precession of the electron spin about the
for the intrinsic interest in spin-dependent collisional applied magnetic field during the collision.
processes, and to maximize the efficiency with which Contrary to the above expectations, we observe a
hyperpolarized (highly spin polarized) noble gas nucleireduction of Rb-Rb relaxation rates in kG magnetic fields.
are produced. Large scale, efficient polarization of noblén addition, we find that at buffer gas pressures below a
gas nuclei is vital to such applications as polarizete  few hundred Torr, the zero-field relaxation rate decreases
targets for nuclear and particle experiments [1], andapidly with increasing buffer gas pressure. This behavior
magnetic resonance imaging [2]. is qualitatively similar to wall relaxation, but the rate

The key collisional processes in spin-exchange optiis strongly Rb density dependent and is too large to be
cal pumping are spin-exchange collisions between optiexplained in this way. Both of these observations lead us
cally pumped alkali atoms and the noble gas atoms, antb conclude that Rb-Rb spin relaxation must be explained
spin relaxation of the alkali atoms during collisions with by mechanisms other than sudden binary collisions.
each other, the noble gas atoms, or other buffer species To study the magnetic-field dependence of Rb relax-
present. The ratio of the spin-exchange to spin-relaxatioation rates, we prepared a cylindrical stainless-steel cham-
rate determines the maximum efficiency possible for theher (1% in. diameterzé in. length) to fit between the pole
spin-exchange process [3]. In this Letter, we report thataces of a 6 kG NMR magnet. Its windows were sealed
the polarization loss due to Rb-Rb interactions is reducedith copper conflat gaskets recently developed for UHV
from its zero- field rate by a factor of 3 in a few kG work [7]. The chamber contained Rb vapor ang dés.
magnetic field. This field dependence persists even uphe N, pressure was adjustable from 100 to 3000 Torr
to multiatmosphere buffer gas pressures. Since Rb-RAnd was measured using a capacitance manometer with
relaxation accounts for a significant fraction of the po-the chamber at the operating temperature. We arrived at
larization loss in*He spin-exchange optical pumping [4], the Rb number density by measuring the Faraday rotation
our results suggest a straightforward way to increase optof linearly polarized, near resonant light in the manner
cal pumping efficiency, and they require a new interpretaof Ref. [8]. The Rb metal was of high purity>09.9%)
tion of the relaxation mechanism. with less than 40 ppm Cs contamination. The chamber

For a variety of technical reasons most current spinwas inside an oven with optical access and was heated
exchange optical pumping experiments use Rb atoms ae produce Rb number densities betwéeh X 10'4 and
the alkali spin-exchange agent, so Rb relaxation rateg5 x 10" cm™3. We used a standing-wave Ti:sapphire
are of particular interest. Previous evidence, obtaine¢aser (500 mW) for optical pumping with-100 uW of
through study of the temperature and pressure dependengf laser light used for probing the spin polarization of
of the relaxation rates, is consistent with the interpretationhe alkali atoms. The light was tuned 0.5-1.5 nm off
that Rb relaxation occurs during sudden binary collisionshe 55,,, — 5P;/, atomic resonance line to a wavelength
with other Rb atoms, Nmolecules (which are present to where the vapor was optically thin. Care was taken to
eliminate depolarization due to radiation trapping), andkeep the optical pumping rate much smaller than the re-
the noble-gas atoms [4-6]. If the Rb spin relaxationlaxation rate so that the Rb spin polarization was always
occurs only during binary collisions (as opposed tobelow 10%. The relaxation rates were measured “in the
molecular formation, for example), the average collisiondark,” by rapidly shutting off the pump laser with an elec-
time of 7 ~ 1 psec implies that laboratory magnetic fields tronic shutter after 100 msec of optical pumping and then
on the order of 1 kG should have no detectable effect omonitoring either the absorption or Faraday rotation of the
the relaxation. This is because the Larmor frequency ofrobe laser beam as a function of time. The combination
Q = wpB/h =27 X 2.8 GHz givesQ)7 < 1, so there  of large chamber size and approximate matching of the
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pump laser profile to the lowest diffusion mode of theanomalous low pressure relaxation mechanism reported
chamber made the wall relaxation rat@50 s~!/P(Torr)  here), and a term that is independent of the pXessure
which is negligible except at very low pressure. We veri-but proportional to [Rb] (Rb-Rb relaxation). We find that
fied this value by investigating the pressure dependencenly the Rb-Rb relaxation term varies with the application
of the relaxation rate at sufficiently low pressure and Rbof a magnetic field. Thus, the data are well parametrized
number density, and we see no evidence of contaminatiooy

by higher diffusion modes. At the high temperatures of p «

the cell, the10' cm™3 or higher alkali number density T'(P,B,[Rb]) =T_; -2 + (KA + 732>[Rb]
gives Rb-Rb spin-exchange rates on the order0dfs ™!, P I+ (B/Bp)
ensuring spin-temperature equilibrium for the Rb atoms iT P (1)
[9,10]. Under conditions of spin-temperature equilibrium, Py

observed relaxation times are longer than the electron rafm,is  form accurately represents our data with
domization times by the well-known slowing-down factor Py = 760 Torr, Bp = 1.15 + 0.15 kG, x4 = 1.50 +

of 10.8 for Rb [3,11]. The rates reported here are the obgy |5 « 1914 e /s, kp = 2.88 = 0.3 X 104 cmi/s,
served rates and are not corrected for the slowing-dowfr — 272 + | 5! at 500 K. I'_; has a more com-

factor. _ plicated [Rb] dependence which is described later. At
The measured relaxation raté depends on the N = ¢4 field, the Rb-Rb relaxation rate (8, + ) [Rb].
pressureP, the magnetic fieldB, and the Rb number Tpis jinear [Rb] dependence has been previously shown
density [Rb]. The dependence bfon these parameters 14 5 121 and our value agrees with [5] to within 10%.
is summarized in Figs. 1 and 2. Figure 1 shows theye find that applying & field reduces Rb-Rb relaxation
variation ofI' with B at P = 969 Torr and[Rb] = 8.5 Xy 5 factor of | + ks/kg = 2.9 = 0.1. Since k4 is

10" cm™. Similar data taken over the entire rangePdf  jngependent oB, a possible interpretation is that[Rb]
(100 < P < 3000 Torr) and [Rb] are always accurately s the relaxation rate due to sudden Rb-Rb collisions.
expressed as a Lorentzian whose width is independdhnt of Rb-N, collisions have been studied by [4], alid agrees

and [Rb] (as shown in the inset in Fig. 1). Figures 2a andyith this previous measurement to within 10% as well.
2b show that the height of the Lorentzian is independent

of P, but is proportional to [Rb].

We have also studied the dependencd’abn P over 1404
the entire range oB and [Rb]. An example is shown 120+
in Fig. 2a. For all but the very lowest values &, 100+
we find that theP dependence is well represented by 804
a term proportional toP (due to RbN, collisions), a = 604
term proportional tol /P (due to wall relaxation and the 404
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FIG. 1. Magnetic field dependence of Rb spin relaxation at

969 Torr and[Rb] = 8.5 + 0.9 X 10" cm™3. The solid line FIG. 2. (a) Relaxation rate a = 0, B = 6 kG, and their

is a Lorentzian fit, with a half-width o8, = 1161 = 19 G. difference «3[Rb] as a function of N pressureP, at a
The magnetic-field dependence implies a relaxation mechanisi®Rb number density ofl.1 + 0.1 X 10" cm™3. (b) Rb-Rb
other than binary collisions. Most of the offset is due toRb  relaxation rate as a function of Rb number density measured
collisions, which are not affected by the magnetic field. If thein fields of O and 6 kG. Note that the Rb-Rb relaxation rate
N, were replaced by 969 Torr of He, the relaxation rate wouldis reduced by a factor df.9 = 0.1 from the zero-field rate at
decrease by nearly a factor of 3 between 0 and 6 kG. The insetl Rb densities. Our measurements of [Rb] are reproducible
shows thatB), is nearly independent of buffer gas pressure.  to =10%.
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We have made a number of systematic checks. Thesd#ue to formation of R triplet molecules. At the pres-
include measurements to verify that the relaxation rateures studied here the coherence time for such molecules
did not depend on the following: light intensity (of either greatly exceeds the minimum required by the observed
pump or probe); light frequency; proximity of detector field dependence. The interaction that produces the relax-
and all electronics to the field region; helicity of pump ation is likely the anisotropic spin-spin interactidiyy =
and probe beams, with respect Bofield and also with %A(3S -RR - S — S - S) [17], whereR is the internu-
respect to each other; optical pumping and probing orlear separation. Averaging over the rapid molecular rota-
the Py, or P3; transition; switching the oven from tion changes this t&’ss = %[S S — 3(S - N)2], where
ac to dc heating; and whether the relaxation transient is the rotational angular momentum of the molecule.
were measured by absorption or Faraday rotation. IM\s the electronic spin relaxes due Wy, the hyperfine
addition we investigated a 5 amagat /Rb/*He glass interaction transfers angular momentum stored in the nu-
cell [13], and observed that the relaxation rate dependedeus back to the electron. The magnetic-field dependence
on magnetic field with similak,, kg, and Bp to those of I' and the pressure independencesgfcan then be ex-
observed in our M filled stainless steel chamber. This plained as a decoupling of the hyperfine interaction.
rules out any possible wall effects that might come from The pressure independence ©f over such a large
the stainless steel. range in Fig. 2a is more difficult to understand, however.

Two possible noncollisional explanations for the The relaxation rate due to triplet molecules is given by
magnetic- field dependence include relaxation due tg /T, the product of the formation rate/Tr, and the
magnetic-field gradients and a magnetic-field dependertaction f of the molecular angular momentum lost in
departure of the atoms from spin-temperature equilibthe molecular lifetimery,. The formation rate is given
rium. In the case of the magnetic- field gradients, outby 1/Tr = k[Rb]/7y, wherek ~ 450 A3 is the chemi-
experiment is in the high-pressure regime where theal equilibrium coefficient which is weakly temperature
relaxation rate is proportional to the diffusion coefficientdependent for the loosely bound triplet molecules. Thus
[14]. In order to explain our results, a field gradient onthe triplet relaxation mechanism has the correct Rb
the order ofl kG/cm is needed. This is much larger than density dependence. Sineg o« 1/P, in order forkp to
the measured field gradient for our setup. In additionpe independent aP we requiref « 1/P or f o« 7, and
the strong observed temperature dependence, the wetile data imply thatf /7y = 6.4 X 10’ s”!. We obtain
pressure dependence, and the similarity between resulislower limit of 5 A> on the cross section for breakup of
obtained in the glass and stainless-steel cells eliminatiéne triplet molecules by noting thgt < 1 throughout the
this possibility. As for the possible field-dependentN, pressure range. This lower limit is reasonable, being
departure from spin-temperature equilibrium, we note thasomewhat less than the known breakup cross sections for
in a magnetic field, the number of collisions required toRb-Xe van der Waals molecules [18,19]. It remains to
establish spin-temperature equilibrium is increased by &e seen if a detailed study of the angular momentum
factor of roughlyl + (Q/wys)* [15,16], wherew, /27  evolution in triplet molecules shows thgt« 7, over
is the atomic hyperfine splitting frequency. Given thesuch a large range iny,.
extremely large spin-exchange rates1(’ s™!) at the Having described the unusual behavior of Rb-Rb relax-
temperature of this experiment, however, this effect isation, we now turn to the fit parametdi_;. Figure 3
much too small to explain our observations. In addition,shows measured zero-field relaxation rates for Rb as a
we would not expect a Lorentzian field dependence. Thufunction of P at two different Rb densities, as well as
all the evidence points to the magnetic-field dependencthe fits to Eq. (1). At high Rb densityl’_; rises dra-
being a collisional effect. matically, at a rate much too large to be explained by

Since the magnetic-field dependence is collisional indiffusion. This is demonstrated by the dashed lines in
origin, the measured widtB, of 1.15 kG implies that the figure which show the expected relaxation rates using
the source of the relaxation has a coherence time=  previously measured diffusion coefficients [4]. Further-
1/gsupBp ~ 50 psec. «p is independent of Npres- more, this increase depends strongly on the Rb density
sure and Rb density over the range of parameters studiefinuch faster than the weak power law in temperature
so a natural interpretation might be a magnetic-field denormally observed for diffusion coefficients), suggesting
pendence of relaxation in Rb-Rb binary collisions. How-again a Rb-Rb relaxation mechanism as its origin. This
ever, the binary collision duration is much too short tobehavior is shown in the inset in Fig. 3. The rapid in-
explain the relaxation unless the interaction involved increase of the relaxation rate with decreasing pressure is
the relaxation has a range ef50-100 A, which seems suggestive of molecular formation as the origin of the
quite unlikely. We conclude that short duration binaryrelaxation, in the limit that the relaxation probability is
collisions are not responsible for most of the Rb-Rbsmall during the molecular coherence time. In this limit
relaxation. the relaxation rate is proportional to the formation rate

The next most obvious explanation is that much ofl/Tr o« P per alkali atom times the square of the molecu-
the relaxation previously attributed to binary collisions islar coherence timer? « 1/P2, giving a net relaxation
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FIG. 3. Zero-field relaxation rates as a function of pdessure

P, at Rb densities of.2 = 0.1 X 10" cm™ and1.05 = 0.1 X

10" cm™3. Solid lines are a fit of the form of Eq. (1). Dashed
lines show what is expected assuming diffugieall relaxation

is responsible for thel'_;/P term. The inset shows the
dependence of’_; on the Rb density, with the dashed line
again showing the expected value assuming diffusion as the
relaxation mechanism.

rate that varies inversely with pressure. This behavior i
well known, for example, in alkali-Xe relaxation where

van der Waals molecules are known to be important [20];; ¢
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