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See, e.g. , S. B. Trickey, A. K. Bay, and J. P. Worth,
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22Results reported in Ref. 16, which were obtained
from an analysis of the data of J. J. Bitsko, E. J. Mele,
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Rev. Lett. 44, 1351 (1980).
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The longitudinal relaxation rate of Xe nuclear spins slows down substantially in an ex-
ternal magnetic field of about 100 G. From an analysis of the magnetic slowing down and

of the dependence of the zero-field relaxation rates on the third-body pressure, the authors
have deduced the magnitudes of the spin-rotation and spin-exchange interactions in the
Rb" Xe molecule, as well as the formation and breakup rates of RbXe in N, gas and the

dissociation constant of BbXe. The magnetic slowing down shows directly that binary col-
lisions contribute no more than. a few percent to the relaxation rates.

PACS numbers: 33.25.Fs, 34.90.+q

The nature of the spin interactions in mixtures
of "'Xe or "'Xe gas and Rb vapor has attracted
much interest lately. ' ' The production of large
nuclear polarization in noble gases by optical
pumping of a noble-gas-a1kali-vapor mixture is
simple and effective. Wall-dominated relaxation
times of minutes to hours can be obtained. These
systems have many potential uses as gyroscopes"
or magnetometers, in the study of angular corre-
lations of nuclear radiations from radioactive
noble-gas nuclei, and in the search for nuclear
electric dipole moments. 4 Thus, it is important
to understand the properties of the van der Waals
molecules, w'hich mediate the spin exchange, in
some detail. Recent experiments of Bhaskar,
Happer, and McClelland' have shown that the ab-
solute nuclear spin polarization of "'Xe produced
by optical pumping of the RbXe system is much
too small to be consistent with the binary ex-
change cross sections reported in Ref. 2, and
that the spin transfer must be completely domi-
nated by interactions in RbXe van der Waals mol-
ecules. The estimate of interaction constants
and of the molecular formation and breakup rates
in Ref. 2 should therefore be revised. However,
only ratios of interaction constants and no abso-
lute magnitudes were measured in Ref. 3, and no

information about molecular formation and break-
up rates was obtained.

We have recently completed extensive studies

of the slowing down of the "'Xe spin relaxation
rate in an external magnetic field' for cells with

nearly the same composition as those of Ref. 2. .
These experiments show directly that the binary
relaxation rates are no larger than a few percent
of the molecular-induced relaxation rates. We

have used magnetic decoupling data to infer the
magnitude of the spin-rotation interaction y5 ~ N

between rubidium electron spin 5 and the rotation-
al angular momentum N of the RbXe molecule,
and have also determined the formation and break-
up rates of RbXe molecules in N, gas. The meas-
ured spin-rotation strength yN is the same, to
within experimental uncertainties, as that in-
ferred by Bouchiat and co-workers'' from an

analysis of the complementary phenomenon, the
slowing down of the Xe-induced relaxation of Rb
electron spins in a magnetic field.

The experimental procedures used in this work
are much simpler than those used in Refs. 1 and
2. The basic apparatus used in our work and rep-
resentative raw data are shown in Fig. 1. We
used spherical Pyrex cells, containing 0.5 Torr
of Xe (60% "'Xe) at 20'C, a small droplet of "Rb
metal, and various amounts of N, . The "'Xe was
spin polarized by pumping the cells with circular-
ly polarized 7947-A Rb resonance radiation (5S»,
—5P», ) Representa. tive pumping times, usually
with a laser' but occasionally with a lamp, were
about 10 min. In the probe phase of this experi-
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FIG. 1. Basic apparatus and representative decay
curve of circular dichroism. The Xe polarization is
destroyed by applying the 1.178-kHz/G magnetic reso-
nance frequency after 102 sec of decay. The noise is
too small to reproduce. The semilogarithmic plot of
the spin-dependent circular dichroism shows that the
decay is purely exponential.

ment, which is illustrated in Fig. 1, unpolarized
7947-A radiation from a Rb lamp was passed
through the cell and analyzed for circular polar-
ization with a photoelastic modulator (Hinds,
Model FS4) and a linear polarizer. The slight ex-
cess I, -I = 5&& 10 'I+ of right circula. rly pola, r-
ized transmitted intensity I, over left circularly
polarized transmitted intensity I, i.e. , the cir-
cular dichroism ls a direct measure~ of the Rb
electronic polarization (S,), which in turn is pro-
portional to the "'Xe polarization (K, ) because of
spin-exchange collisions. ' The use of circular
dichroism is much simpler than the method used
in Refs. 1 and 2 which requires operation at near-
ly zero magnetic field and the use of radio-fre-
quency fields. Circular dichroism can be ob-
served at any magnetic field; no magnetic shield-
ing is needed since the signals are insensitive to
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FlG. 2. {a) Dependence of the Xe nuclear relaxation
rate on the atomic density tRbl and on the magnetic
field H. The binary rate of Ref. 2 is much too large to
be consistent with the high-field relaxation rate.
(b) Normalized Rb-dependent relaxation rate vs mag-
netic field H for various nitrogen pressures. The solid
lines are fits by functions of the form 4H (AH +H )

magnetic noise, and no radio-frequency field is
required except to esta,blish the unpola. rized base-
line by saturating the "'Xe polarization at the
end of a relaxation transient, as shown in Fig. 1.

Decay curves like those of Fig. 1 are always
well characterized by a single exponential time
constant 9. As shown in Fig. 2(a) we find that the
measured temperature dependence of the relaxa-
tion rate is equivalent to a linear dependence of
the rate on the Rb number density [Rb],

0 '=T '+c[Rb],

where T ' and c are temperature-independent
constants. The cell-dependent wall relaxation
time T ranged from 200 to 1200 sec, and the Rb-
dependent relaxation rate 0, '= c[Rb] is a func-
tion of the third-body pressure p (nitrogen), and
the longitudinal magnetic field H, as is illustrat-
ed in Fig. 2(a). For consistency we use the same
saturated-vapor-pressure formula" as Ref. 2.
The cell temperature was determined with cop-
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per-Constantan thermo couples.
Because of the short duration of the binary col-

lisions (-10 "sec), the binary relaxation rate
cannot be affected by magnetic fields of magni-
tudes less than some 10' 0,' ' and we conclude
that the binary rate, i.e. , the difference between
the high-field rate and the wall rate T ', is on
the order of the statistical error of the measure-
ments and well below the binary rate assumed in
Ref. 2, and indicated in Fig. 2(a). Although the
decoupling data are not precise enough to meas-
ure the small binary rate, they are consistent
with the very small binary rate, also shown in
Fig. 2(a), which was estimated in Ref. 3. The
normalized magnetic field dependence of Rb-de-
pendent rates 0, ' is shown in Fig. 2(b) for rep-
resentative values of the nitrogen pressure. Note
that the width ~ at half maximum of the decoup-
ling curves increases with nitrogen pressure as
indicated in Figs. 2(b) and 3(a). The zero-field
relaxation rates are plotted in Fig. 3(b) along
with the zero-field rates determined by Volk,
Kwon, and Mark. ' The agreement between the
two independent sets of data is excellent.

The simplest spin Hamiltonian which can ac-
count for all of the known data' ' ' on the RbXe
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Fig. 3. {a) Dependence of 4H on nitrogen pressure p.
The solid line is a fit by the function DH =QH& +P p .
Also plotted is the asymptote Pp. {b) Zero-field relaxa-
tion rates for 1"= 85.3 C or {Hef. 10) IBb] =10
The solid-line fit is described in the text.

system is

II =A% I+y5 ~ N+nB K+g p 5 ~ H (2)

Reasons for the omission of other spin interac-
tions are discussed in Ref. 3. %e may consider
the large rotational angular momentum N (N
= 70) to be a time-independent classical vector
during the lifetime of a particular molecule. ' The
external magnetic field H interacts with 5 through
the Zeeman interactiong~ p, RR H, wheregR =2
and p~ is the Bohr magneton. The contact inter-
action AB I is much larger than any other term
in (2) and it permits one to use F =I+ & as a good
quantum number and to replace (2) with a pair of
Breit-Rabi Hamiltonians in practical calculations.

The Rb-dependent decay rate of (K, ) is

80 '=T» 'p», (3)

where Sw, =g~IJ, ~H. Thus, the molecular breakup
rate v ' is related to the high-pressure half-
width ~ by

' =g, p, ~h '[I] '. (6)

Prom Pig. 3(a) we see that AH =px (1.6 G Torr ')
and we therefore find from (6)

p~= 1.4x 10 ' Torr sec.
I

(7)
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where T» ' is the molecular formation rate (or
binary. collision rate) per "'Xe atom, and p„ is
the probability that (K, ) is destroyed during a
mean molecular lifetime T. As in other decoup-
ling phenomenon [cf. Eq. (26) of Gupta, Chang,
and Happer "]the fraction 1-p» of the initial
"'Xe polarization remaining after the breakup of
a RbXe molecule is

1-p =(p;, 1(~l&.l j)l'(1+~~;;~) '[I] '], (4)

where [I]=2I+1. The states li) and
l j) are eigen-

states of (2) and 8'&u, , is the corresponding energy
difference between the states. The sum extends
over all 16[I]' pairs of states and ( )„denotes an
isotropic average over the directions of N. For
simplicity we assume that the magnitude of N is
fixed and equal to some most probable value.
Physically, (4) describes the mutual rotation of
K and 5 about each other and about H and N.

Numerical values of p» can be evaluated from
(4) in a straightforward way with Breit-Rabi"
wave functions and energies, For very high ni-
trogen pressures where yNv/h «1, the destruc-
tion probability from (4) reduces to
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For very low nitrogen pressures where yN~/h
»1, the decoupling curve deduced from (4) re-
sembles, but is not identical to, a Lorentzian
curve. ' The low-pressure width at half maximum
(b&, =62+ 5 G) is predicted to be related to the
spin- rotation interaction by

yN/h = rg s p sh '~0 = 120+ 10 MHz, (8)

where the numerical coefficient n (n= 0.69 for
"Rb"'Xe) depends weakly on I (—, for "Rb) and
the ratio' x =yN/n (4.1 for Rb"'Xe). The value
of yN/h deduced in (8) is in good agreement with
the independent valueg~p, Bh 'H, *=106+4 MHz
deduced by Bouchiat, Brossel, and Pottier. '
Combining (8) with the measured' ratio yN/n= x
=4.1 we find

ps= 1.4x10 'Torr sec (12)

for the pressure-lifetime product, which is in
good agreement with the independent estimate (7).

The best fit to the vertical scale in Fig. 3(a) is
obtained by setting

TJRb] [N,] = 5.3x 10" cm ' sec,

a value remarkably close to the value Tz[Xe]'

cv =29+ 3 MHz.

A simple expression, correct to order x ', can
be derived from (4) for the zero-field spin de-
struction probability:

1 1 (y/2x)'
6 x' 1+(y/2x)'

(V/4 )', 2 (q/4)'
3 2x' 1+(q/4 )' x'1+(q/4)'

The solid line in Fig. 3(b) is a fit of (3), with p»
given by (10), to the zero-field relaxation rates.
The horizontal scale is adjusted such that

cp=yN7/h = (107 Torr)p

Combining (ll) with (8) we obtain an estimate

= 5.4x 10" cm ' sec reported by Bouchiat, Bros-
sel, and Pottier. '

The molecular dissociation constant at the char-
acteristic temperature T = 70'C of these measure-
ments is then

[Rbxe] ~[N,]
[Rb] [Xe] T [Rb] [N ]

(14)

where we have used (12) to evaluate [N, ]7.= 5.0
& 10' cm ' sec. This equilibrium constant is
some 2'to 4 times larger than one would infer
from the parameters given by Bouchiat, Brossel,
and Pottier. ' However, in this work all the pa-
rameters in (13) were obtained from direct meas-
urements, but Bouchiat, Brossel, and Pottier'
were forced to use theoretical calculations of the
parameter pr from imprecisely known RbXe in-
teraction potentials.
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