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Magnetic decoupling of Rb spin relaxation in H2 buffer gas

P. I. Borel,* C. J. Erickson,† and D. K. Walter
Department of Physics, Princeton University, Princeton, New Jersey 08544

~Received 11 June 2002; published 20 December 2002!

We report studies of the magnetic decoupling of Rb spin relaxation in the presence of H2 buffer gas at high
pressures (>1.5 atm). At low Rb number densities (<531013 cm23), we find that the observed magnetic-
field dependence of the spin relaxation is almost solely due to binary collisions between Rb atoms and
hydrogen molecules, and that it is very well described by three rates: the Rb-Rb spin-exchange rate, the
S-damping rate, and the Carver rate associated with the hyperfine pressure-shift interaction in collisions of Rb
with H2 molecules. At higher Rb densities, the contribution to the relaxation from Rb triplet dimers becomes
significant.
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I. INTRODUCTION

When nuclear spin-polarized noble gases are produce
spin exchange@1# with optically pumped alkali-metal atom
@2#, molecular nitrogen is nearly always used to quench
excited alkali-metal atom of the pumping cycle, thereby
ducing the large spin-depolarizing effects of radiation tra
ping. A recent study has shown that despite the chem
reaction of H2 gas with alkali metals to form alkali hydrides
high nonequilibrium hydrogen densities may persist for s
eral weeks in heated sealed glass cells containing Rb an2
@3#. Hence, hydrogen may serve as an alternative quenc
gas to nitrogen, especially in applications of hyperpolariz
noble gases~such as polarized3He targets for high-energy
scattering experiments! where the dilution of the hyperpolar
ized nuclei by N2, with its much higher nuclear chargeZ,
would be profitably avoided.

Hydrogen, like nitrogen and indeed all other inert buff
gases, contributes to the spin relaxation of the optica
aligned alkali-metal vapor. In the present work, we inves
gate experimentally the magnetic-field dependence of
spin relaxation of Rb in the presence of H2 buffer gas by
measuring the relaxation rate ‘‘in the dark,’’ utilizing a vari
tion of the method originally introduced by Franzen@4#.

II. EXPERIMENTAL SETUP

The single exponential late-time decay rate of the Rb
larization is determined using a previously described exp
mental arrangement@5,6#. The apparatus is illustrated in Fig
1. We use spherical glass cells, of diameterd'2.5 cm, con-
taining Rb of natural isotopic composition and H2 gas at
several densities from 1.6 to 9 amagat@7#. The cells, inside
an oven heated by blowing hot air, are placed in a dc m
netic field B ~varied from 50 to 6000 G! produced by an
electromagnet. The Rb electron spins are polarized by a
cularly polarized, resonantD1 pump beam propagating pa
allel to the applied magnetic field. The pump light is th
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blocked with a mechanical chopper and the decay of
electron spin is measured by monitoring the transmitted
tensitiesI 6(t) of the two helicity components of a weak
linearly polarized probe beam, collinear with the pump, d
tuned 5–10 Å from the RbD2 resonance line. As discusse
in Refs. @5# and @6#, at late times, the observed decay ra
gobscan be found from the signal ratioV(t)5I 1(t)/I 2(t) by
use of ln ln@V(t)/V(`)#52gobst1a, whereV(`) is the trans-
mitted signal ratio when the Rb polarization has decay
completely anda is an unimportant constant determined
the initial Rb polarization, the Rb number density, the opti
path length, and the probe detuning. We verified that
measured rates were independent of the probe-laser p
and detuning. Figure 2 shows a typical measurement o
single late-time decay rate.

For a given cell, the late-time relaxation rategobs was
determined as a function of the magnetic field for vario
temperatures between 125 °C and 225 °C. The H2 number
density@H2# in each cell was determined by measuring t
widths of the pressure-broadened absorption profiles of
Rb D1 andD2 lines, as described in Ref.@3#. These measure
ments were performed both before and after a relaxa
measurement in order to monitor possible changes in@H2#
due to hydride formation. We found that@H2# remained con-
stant for all cells throughout the relaxation rate measu
ments except in the cell with the highest H2 density, where
the density was observed to drop from 9.2 amagat to

FIG. 1. Experimental setup used to measure the spin decay
for Rb. The dark interval, caused by the chopper wheel blocking
pump beam, was 20 times the light interval. P1 and P2 den
polarizing beam-splitter cubes, W1 and W2 quarterwave plates,
PD1–PD3 photodiodes.
©2002 The American Physical Society10-1
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amagat during relaxation measurements at five different t
peratures. The Rb number density@Rb# was measuredin situ
by Faraday rotation@8#. Figure 3 shows a representativ
measurement of the Faraday rotation angle as a functio
probe-laser detuning.

Interestingly, we find that the relationship between the
number density and the temperature in our cells differs c
siderably from the Killian formula for saturated vapor pre
sure@9#. In the low H2 density cells, the Rb number densi
was reduced by roughly a factor of 2 compared to the Kill
formula, perhaps due to the hydride layer, which rapi
forms at the exposed Rb surfaces. In the high H2 density
cells, the measured Rb number densities were reduced
further. In fact, in the cell with the highest H2 density,@Rb#
appeared to be nearly independent of temperature.

III. DATA ANALYSIS

The main objective of the present study is to investig
the contributions to the Rb spin relaxation from binary c

FIG. 2. After sufficiently long time, the decay is characteriz
by a single exponential time constant 1/gobs where 2gobs is the
slope.

FIG. 3. Faraday rotation angle of the Rb polarization as a fu
tion of probe-laser detuning. The Rb number density is extracte
described in Ref.@8#.
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lisions between Rb atoms and H2 molecules. Thus, we cor
rect the observed late-time rategobs for diffusion to the cell
walls and contributions due to Rb triplet dimers in order
obtain the fundamental late-time rateg (1),

g (1)5gobs2gdiff2g trip . ~1!

The diffusion correction is given bygdiff5A4Dgobs/pd2, as
discussed in Ref.@10#. An additional phenomenon, first dis
covered by Kadleceket al. @11# and now believed to be du
to loosely bound Rb triplet dimers, manifests itself in t
magnetic decoupling curves at high Rb number densities
low buffer-gas densities, the spin-axis interaction in Rb tr
let dimers has conclusively been shown to play an import
role in the Rb spin relaxation@5#. Kadleceket al. @11# and
Erickson@12# have conducted thorough studies on the infl
ence of Rb triplet dimers on the magnetic decoupling cur
at high 3He and N2 buffer-gas densities and have found th
this still puzzling effect at a fixed buffer-gas pressure can
characterized by a rate coefficientktrip and magnetic decou
pling width DB:

g trip5
ktrip@Rb#

11~B/DB!2
. ~2!

We find that all our high-@Rb# data are well parameterized b
DB;1100 G andktrip;2.4310214 cm3 s21, in good agree-
ment with the findings of Ref.@11#.

After subtracting these relatively small contributions
the relaxation from diffusion and from Rb triplet dimers, w
find that the relaxation rate as a function of the applied m
netic field can be described very well by the model recen
presented by Walteret al. @6#, in which the observed relax
ation is the result of three mechanisms: the spin-rotation
teraction gN•S, the hyperfine pressure-shift interactio
dAI•S in binary collisions between Rb atoms and H2 mol-
ecules, and the spin-exchange interactionJS1•S2 in colli-
sions between pairs of Rb atoms. Unlike in Ref.@6#, here we
use natural Rb rather than pure isotopes, since large amo
of Rb are consumed by hydride formation; as a result,
analysis is slightly more complicated than it is for the sing
isotope case.

The spin interactions of a free Rb atom of isotopem are
given by the Breit-Rabi Hamiltionian

Hm5AmIm•Sm1gSmBBSzm , ~3!

where Im and Sm are the nuclear and electron spin, respe
tively, of isotopem and Am is the ground-state hyperfin
coupling coefficient. The Schro¨dinger equation

Hmumr &5Emr umr & ~4!

defines a set of energiesEmr and eigenstatesumr &. The spin
polarization of the Rb vapor of mixed isotopes is given
the occupation probabilitiesr r

m of sublevelr of isotopem.
Because spin exchange occurs not only between Rb atom
the same isotope, but also between Rb atoms of diffe
isotopes, the relaxation equation contains terms wh
coupler r

m to rs
n for mÞn. The full relaxation equation is

-
as
0-2
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d

dt
r r

m52(
ns

G rs
mnrs

n , ~5!

where the relaxation matrix is

2G rs
mn5dmn@xm

2 GCCrs
m 1GSDDrs

m #1GEXErs
mn . ~6!

The three characteristic rates associated with the hype
pressure-shift interaction, the spin-rotation interaction, a
the spin-exchange interaction, respectively, are the Ca
rateGC, theS-damping rateGSD, and the spin-exchange ra
GEX . The corresponding rate matrices are

Crs
m 52d rs^mr u~ Im•Sm!2umr &1u^mr uIm•Smums&u2, ~7!

Drs
m 52

3

4
d rs1^mr uSmums&•^msuSmumr &, ~8!

Ers
mn5dmnDrs

m 1
2hn

@ I m#
^mr uSzmumr &^nsuSznuns&. ~9!

The dimensionless constantxm in Eq. ~6!, defined as

xm5
m Im

2I mmN
, ~10!

is the ratio of the hyperfine couplingAm of isotopem ~with
nuclear spinI m and nuclear momentm Im) to the couplingA
of a hypothetical Rb isotope with nuclear spinI 51/2 and
nuclear moment equal to the nuclear magnetonmN . The x
factors for 87Rb and 85Rb are 0.9170 and 0.2706, respe
tively. In Eq. ~9!, hn5@Xn#/@X# denotes the atom fraction o
isotope Xn of chemical species X, and@ I m#52I m11 is the
number of nuclear azimuthal spin states of isotopem.

The solutions of the relaxation equation~5! are of the
form

r r
m5v rk

m e2gkt, ~11!

which upon substitution into Eq.~5! yields the eigenvalue
equation

(
ns

~G rs
mn2gkd rsdmn!vsk

n 50. ~12!

Ordering the non-negative, real decay ratesgk @13# such that
g1<g2<•••<gN , we have

g15g25•••5gp50, ~13!

wherep is the number of different isotopes. For sufficient
late timet, the polarization decay transients are characteri
by the single slowest nonzero rategp11, which is easily
extracted from the data. UsingGC, GSD, and GEX as free
parameters, we find that the late-time decay rates, corre
for diffusion and triplet dimer contributions, can be fit ve
well to the foregoing model. In all cases, we find that t
best-fit value ofGEX , within errors on the fit and the mea
sured Rb number density, agrees with previous meas
ments of the spin-exchange cross sectionsEX5GEX / v̄@Rb#
06341
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@6,14,15#. Representative measured magnetic decoup
curves for Rb in H2 are shown in Fig. 4, together with fits t
the model.

IV. RESULTS

The measuredS-damping ratesGSD due to binary colli-
sions between Rb atoms and H2 molecules are shown as
function of temperature in Fig. 5. At high Rb number den
ties, Rb–Rb binary collisions also contribute to the to
S-damping rate. We take this contribution into account
subtractingGSD,Rb5 v̄sSA@Rb# from the best-fit values of
GSD, wherev̄ is the average relative velocity of the Rb ato
pair andsSA is the binary relaxation cross section, given
sSA55.6310218 cm2 based on the extensive empirical da
in Ref. @12#.

We find thatGSD is well described by

FIG. 4. Measured magnetic decoupling datagobs (d) and fits
gfit

(1)1gdiff1g trip ~—! for Rb in 2.2 amagat H2.

FIG. 5. The measuredGSD/@H2# as a function of temperature
The solid line is a linear fit to the data. Also shown isGSD/@N2#
from Ref. @6# ~dashed line!.
0-3
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GSD

@H2#
5~9466!S 11

T290 °C

~6167! °CD amagat21 s21.

~14!

For comparison, we note that Ref.@16# reportedGSD/@H2#
5160 amagat21 s21 at 35 °C ~assuming a slowing-down
factor s515.2) and Ref. @17# found GSD/@H2#
5160 amagat21 s21 at 70 °C~assumings510.8).

Comparing our results with those recently obtained
Walteret al. @6# for the relaxation of Rb in helium and nitro
gen, we find that theS-damping rate coefficient at 90 °C o
Rb in H2 is nearly four times larger than that of Rb in3He,
and slightly more than half theS-damping rate coefficient o
Rb in N2. Although it may be rather surprising that H2
causes markedly faster Rb spin relaxation than does he
~which has the same nuclear chargeZ), these observation
are consistent with the theory of Walkeret al. @18# for the
spin-rotation interaction between alkali-metal atoms a
small perturbers such as helium, for which the dominant c
tribution to the spin-rotation coupling is expected to com
from the region external to the core of the perturber~rather
than from the region internal to the perturber’s core—
case for heavier atoms such as Kr and Xe@19#!. In Ref. @18#,
it is shown that the spin-rotation coupling coefficientga at
internuclear separationR of the interactiongaN•S between
the alkali-metal electron spinS and the rotational angula
momentumN of the alkali-metal–He-atom pair is given by

ga~R!5
16p2\6a2DEngp

3Ep
3Mabm

2R2
uf0~R!u2ufngpz

~R!u2, ~15!

wherem is the electron mass,Mab is the reduced mass of th
atom pair,a is the electron-scattering length from the pe
turber, DEngp is the spin-orbit splitting of the unperturbe

first-excited alkali-metalp state~with excitation energyEp),
nn

t.

l.

R.

et
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and f0 (fngpz
) is the unperturbed wave function of th

alkali-metal valence electron in the ground~first-excitedpz)
state.

Based on the data for the pressure shift of the alkali-m
absorption lines, the scattering lengths of low-energy el
trons from helium and hydrogen are very nearly eq
@20,21#, and therefore, the difference in the spin-rotati
coupling for Rb-He and for Rb-H2 is due solely to the dif-
ference in the reduced massMab . Since the cross section i
proportional to the collisional average ofg2, the rate coeffi-
cient will scale askSD;M 25/2, including the additional fac-
tor of M 21/2 from the average relative velocity of the collid
ing atom pair. Thus for Rb, theS-damping rate coefficient in
H2 is expected to be roughly a factor of 3 larger than t
S-damping rate coefficient in He, in good agreement with
results reported here and in Ref.@6#.

At high Rb number densities (@Rb#*531013 cm23), the
Carver rate cannot be accurately determined, due to
dominance of the much higher spin-exchange rate, bu
lower Rb number densities, we find that a nonzero Car
rate is necessary to obtain satisfactory fits to the theory. F
the fits of the theory to the data, we find the Carver rate to

GC

@H2#
5226659 amagat21 s21. ~16!

The relatively large error is due to uncertainties in@Rb# and
hence inGEX . We thus find that the Carver rate for Rb in H2
has the same magnitude as that for Rb in3He @6#.
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