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The ®Rb-'*Xe spin-exchange cross section has been measured in N, buffered cells as a function of the N,
density using an alkali vapor magnetometer technique. The strong dependence of the spin-exchange cross
section on the N, density indicates a significant role for the Rb-Xe van der Waals molecule in the spin-
exchange process. Our data have allowed us to estimate the Rb-Xe molecular formation rate, which is in
reasonable agreement with previous measurements. The extrapolated binary spin-exchange cross-section

term is found to be o, ¥ 2 = 1.5X 107 ° cm*sec~2
ex

I. INTRODUCTION

The transfer of angular momentum from an elec-
tronically polarized alkali atom to an unpolarized
noble-gas nucleus in spin-exchange collisions has
been the subject of both experimental and theoreti-
cal investigations. Bouchiat, Carver, and Varnum
first observed the nuclear polarization of 3He used
as the buffer gas for the optical pumping of natural
Rb vapor. The spin-exchange process was
studied in more detail by Gamblim and Carver?
and then subsequently by Fitzsimmons, Tankers-
ley, and Walters,® who did a preliminary study
of the effects of aluminosilicate containers on
the attainable nuclear polarization. More recently
Sobell? considered spin-exchange effects of Na with
He, H,, and D, in the relaxation of optically polar-
ized Na vapor. Experimental determinations of the
alkali-atom-noble-gas nuclear spin-exchange cross
section have been in good agreement with Herman’s
calculations,’ in which he attributed the spin ex-
change to the contact hyperfine interaction between
the noble-gas nucleus and the alkali valence elec-
tron.

We report here our study of the spin-exchange
process between optically oriented Rb vapor and
the noble-gas nucleus '?°Xe, which has nuclear
spin, I=3%. Some preliminary aspects of this work
were previously published.® We observe in our
work the transverse relaxation of *Xe after it has
been polarized in collisions with the oriented Rb
vapor. Measurements of the relaxation rate are
done as a function of both the cell temperature and
the buffer gas density. From the measurements of
the relaxation rate as a function of temperature,
one can deduce the spin-exchange cross section
knowing the Rb density. The buffer gas density de-
pendence of the cross section yields information
concerning the role of the Rb-Xe van der Waals
molecules in the alkali electronic noble-gas nu-
clear spin-exchange process.

1

II. THEORY

Herman® has shown that the spin-exchange mech-
anism between an alkali valence electron and a
noble-gas nucleus can be described in terms of a
contact hyperfine interaction governed by the ef-
fective Hamiltonian

Hegy ZHYY’g , » (1)

where 7 is Plank’s constant divided by 27, y is the
strength of the interaction, T is the spin angular
momentum of the noble-gas nucleus, and § is the
electronic spin of the alkali atom.

If we neglect the nuclear spin of the alkali atom,
then the spin exchange between the alkali atom and
the '»Xe noble-gas nucleus reduces simply to that
of spin exchange between two spin-3 systems. De-
signate the expectation value of the longitudinal
component of nuclear polarization of the noble-gas
atom as {/;) and the expectation value of the longi-
tudinal component of the electronic polarization of
the alkali atom as (S;), then it can be shown that
the time rate of change of the nuclear polarization
due to spin exchange is given by’™?

(I =TIy = (S2)), @

where TL is the spin-exchange rate between the
noble-gas nucleus and the alkali atom, which is
given in terms of the interaction strength

PR Dur:
T =Tf1%ﬁ@§;z ) (3)

where T;‘ is the collision frequency, {y) is an av-
erage interaction strength, and 7, is the correla-
tion time of the interaction. The spin-exchange
rate can also be written in terms of a spin-ex-
change cross section

T;}: =NAOexv ’ (4)
where N4 is the alkali number density, o,, is the

spin-exchange cross section, and V is the alkali-
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atom-noble-gas-atom relative velocity. An ex-
pression for the spin-exchange cross section was
derived by Herman®:

__3 SWgn“N“Bul(bQ)zn(bo)zbo
ex—3 3kv I(I+1)okin7 (5)

where g, is the nuclear gyromagnetic ratio of the
noble-gas atom, u, is the nuclear magneton, ug
is the Bohr magneton, ul(bo)2 is the probability
density for locating the alkali valence electron at a
distance equal to the internuclear separation from
the alkali nucleus, 7(b,) is the exchange enhance-
ment factor, b, is the kinetic radius for the colli-
sion pair, the o“,,=wb§ is the kinetic cross section.
The transverse nuclear polarization is found to
obey a similar equation:

I =TA[(I%) = &™)
+ 0/ )Te (Sp)I? = I)E], (6)

where (I') ((S*)) is the expectation value of the
transverse nuclear (electronic) polarization, de-
fined in the usual way. The imaginary term of Eq.
(6) is the shift of the nuclear Zeeman energy levels
due to the spin-exchange interaction. Equations
analogous to Egs. (2) and (6) can be written for the
spin polarization of the alkali valence electron.

Since the time constants associated with the al-
kali electronic spin are about three orders of mag-
nitude shorter than those associated with the noble-
gas nuclear spin, we can treat the alkali spin as if
it were in steady state, when considering the
noble-gas nuclear-spin dynamics. Then, in the
presence of other relaxation mechanisms, the rate
of change of the longitudinal noble-gas nuclear spin
becomes

() ==T3(I) = (SIN-T71L) (0

where (S%} denotes the steady-state value of the al-
kali polarization. The steady-state noble-gas nu-
clear polarization is then found to be

<I£> =Tp/Tex<s%> ) (8)

where T;'=T:L + 7!, and T{! is the sum of all oth-
er rates contributing to the longitudinal relaxation
of the noble-gas nuclear spin.

Measurement of the transverse nuclear-spin po-
Jlarization is accomplished by causing the polarized
ensembles of both the noble gas and alkali atoms to
precess in a plane containing the light beam. If the
time average of the alkali transverse polarization
is zero in a Larmor period of the noble-gas nu-
cleus, then by Eq. (6), the time dependence of the
transverse noble-gas spin polarization can be
shown to have the following form:

(I*(#)) = (I} Yexp(~t/T,)sin(QT+ ¥) 9)
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where T, is the total transverse decay time,  is
the precessional frequency of the nuclear ensem-
ble, and ¥ is the initial phase of the precessing en-
semble.

III. EXPERIMENTAL

The experimental apparatus

The experimental apparatus is shown schematic-
ally in Fig. 1. The apparatus consists of the ex-
perimental cell, which is a 15-ml Pyrex sphere.
Cells are prefilled on a separate vacuum system
with an excess of 8’Rb metal, 0.5 Torr **Xe, and
N, as a buffer gas.

The cell is centered in a resistance-heated oven
provided with Pyrex windows at either end. The
oven provides controlled temperatures to 80°C
(£0.1°C) with a temperature uniformity across the
cell of about 1°C. The oven is contained in a cyl-
indrical coil form, providing three mutually per-
pendicular Helmholtz coils arranged along the x,
9y, and 2 axes. In addition correction turns along
the x axis allow for the correction of magnetic field
gradients, and a pair of reverse Helmholtz coils
along the y and z axes provide a source of nuclear
relaxation (magnetic field gradient relaxation)? in
order to be able to force the nuclear magnetization
to zero. The oven assembly is within four cylin-
drically concentric magnetic shields with the inner-
most shield provided with endcaps with 3-inch ac-
cess holes. The magnetic shields reducethe exter-
nal magnetic fields to below 10 pG.

The light source of the optical pumping and de-
tection is an alkali resonance lamp of the Bell,
Bloom, Lynch type:!! The light is passed through a
D, filter and a circular polarizer and piped to the
cell through a plastic light pipe. On the detection
side, the light transmitted through the cell is piped
through a plastic light pipe to a photodiode.

® X coiLs

RESONANCE LAMP MAGNETIC SHIELDS

Dl FILTER

wraw=| PHOTO DET F‘

L
CIRCULAR Z COLLS Y COILS ABSORPTION
POLARIZER CELL
TO COILS
CURRENT HP 9825 A/D | o{ DEMOD
SUPPLY SWITCHES COMPUTER[ | CONVERTER AMP *

FIG. 1. Schematic representation of the experimental
apparatus.
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Polarization of the noble-gas nuclear-spin ensemble

The noble-gas nuclei are polarized through spin-
exchange collisions with the optically oriented al-
kali vapor. The alkali vapor is polarized by the
absorption of 6" D, light in a standard longitudinal
pumping scheme; this configuration is shown in
Fig. 2. The pumping takes place in the presence of
a longitudinal magnetic field of approximately 2
mG. From Egs. (7) and (8) one sees that the long-
itudinal noble-gas polarization obeys the following
pumping law, given the initial condition (I, (t =0)):

(I (1)) = (IL[1 = exp(~t/T,)]. (10)

The nuclear spins are “pumped” for a time suffi-
cient to build up a significant polarization along the
light beam direction. This time can range from 30
min. at cell temperatures below 40°C to a few
minutes at cell temperatures above 70 °C.

Detection of the transverse spin decay of the noble-gas nuclei

Measurement of the decay of the noble-gas nu-
clear-spin polarization is accomplished by switch-
ing the longitudinal pump field off and at the same
time applying a precessional field along the y axis
(~100 pG). The fields are switched in a time short
enough to guarantee that the spin systems precess
about the y axis. An ac field (8 kHz) is then applied
along the z axis, to utilize the alkali vapor as a
magnetometer, as discussed below. The equiva-
lent field associated with the precessing nuclear
moments is detected by the magnetometer, and
thus the decay characteristics of the nuclear-spin
systems are observed. The magnetic field ar-
rangement for the detection mode is shown in Fig.
3.

The alkali magnetometer

The magnetometer mechanization of the alkali
vapor, which we use to detect the noble-gas nu-
clear polarization, was first devised by Cohen-

—
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FIG. 2. Magnetic field arrangement for the longitud-
inal pumping of the alkali vapor.

PRECESSING
SPIN SYSTEMS |~

FIG. 3. Magnetic field arrangement for the detection
of the noble-gas nuclear spins.

Tannoudji et al.'? and first used to detect!? the nu-
clear polarization of "He. We quote from their re-
sults as they apply to our experiment.

Consider an alkali vapor cell, as shown in Fig.
4, illuminated by o* D, light along the x axis in the
presence of a static magnetic field H, and an ac
magnetic field H,cos(wt), both applied along the z
axis. The intensity of the transmitted light through
the cell in this configuration has been shown to be
sensitive to the x component of the alkali magneti-
zation.! From Ref. 10, we write the transverse
alkali polarization as
m* - . .

M] =A,+ ; [A, exp(ipwt) +A_, exp(—ipwi)],  (11)
where Mg is defined by the steady-state alkali mag-
netization in the presence of relaxation and

S Ji(w;/w)
4o =,,‘=‘-_':., —l—ﬁ(wo +nw)T (12a)
and
AP :i Jn(w1/w)‘]n¥ﬁ(w1/w) , (12b)

. 1+i(w)+nw)T

where wy=Hyy,, wy=Hyy, with y, the gyromagnet-

FIG. 4. Magnetic field arrangement for the magneto-
meter mechanization of the alkali vapor.
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ic ratio of the alkali valence electron, 7 is the spin
relaxation time of the alkali vapor, and J,(w;/w) is
a Bessel function of order » whenn=>0. For n<0,

one has

Jn(wl/w) :(-—1)"J_"((JJ1/(U) . (13)

Since M, =ReM"* we can deduce the behavior of
M, and hence the optical signal from Eqgs. (11),
(12a), and (12b). One sees then that M, is a per-
iodic function in time with period 27/w, and the
light transmitted through the cell is modulated at
various harmonics p of pw which depends on A, and
A_, given in Eq. (12b). In addition one can see that
the signal undergoes a resonance when the field is
swept about the value for which (wy, +nw) =0. Thus
at each modulation, p resonates from wy,=0, w,
=+w,.... The width of these resonances is inde-
pendent of » and is Aw, :2/1'. The amplitude of the
resonance of order n, detected at the harmonic p,
is given by the Bessel function J,,(w1/w)J,,,,p(w1/w).

In our experiment we operate at the n =0 reso-
nance and detect the p =1 modulation. For the case
of a constant magnetic field along the z axis the
signal is found to have the following proportional-
ity:

SaM, (%)J1 (%1) 1—;%;;)—2 sin(wt) (14)

for wy<<1; the signal is seen to be proportional to
the field along the z axis in first order.

In our experimental arrangement, because of the
presence of the y-axis precessional field and be-
cause of the rotation of the nuclear field in the x, z
plane, there are fields along all three axes. The
expression for the signal in the n =0, p =1 mode
fox; the case of a general magnetic field is given
by ' '

M [w w Tw, + w,w
0 g (= st | ud St i
Sag J“(w)J1<w )Ff:my + w‘sm(wt) ’ (15)

where I'=1/7, w,=w,, and w,,, =J(w,/w)y 4H,,»
with

w, =y, H,  cos(Qt), (162)

W, =y Hy ¢ sin(Qt) , (16b)

where HY® is the magnitude of the equivalent mag-
netic field due to the noble-gas nuclei, as seen by
the alkali atoms. Since 2 << w, we take the nuclear
field as approximately dc and substitute the expres-
sions given in Eqs. (16a) and (16b) directly into Eq.
(15), using the condition I' > w, , w,. Then one

finds

' W w
My, (j) Jy (7.)1) v HYC

[T? +Jf(w,/w)y jH2]V 2

X
T+ Ji(w, /W)y jHE

cos(Qt +¢) sin(wt). (17)

The signal then is seen to be proportional to the
magnitude of the nuclear field, doubly modulated at
the frequency w and the nuclear precession fre-
quency £2. :

The experimental procedure

A measurement of the noble-gas transverse de-
cay rate is made in the following manner. An ex-
perimental cell is situated in the apparatus. The
fields present at the cell are balanced to zero with
the Helmholtz coils on each axis by employing the
results of the signal expression in Eq. (15). At
first all fields are close to zero with no compensa-
tion due to the magnetic shielding. Next a low-fre-
quency (10-Hz) external sinusoidal field is applied
along either the x or y axes; the induced signal can
then be minimized by forcing the field along the y
or x directions, respectively, to zero by applying
a compensating field with the appropriate Helm-
holtz coil. The z axis can be compensated by ap-
plying a dc field that forces the dc component of
the induced signal to zero. The signal sensitivity
is then maximized by applying the external field
along the z axis and then adjusting the ac amplitude
w, to maximize the Bessel function product
Jo(w;/w)J (w,/w). A longitudinal noble-gas polari-
zation can now be attained by applying a dc field
along the direction of the light beam.

In our experimental measurements the detection
light is blocked, for the most part, during the de-
cay of the nuclear spin. The cell is illuminated
for about a noble-gas Larmor period at the begin-
ning of the decay and again some time later. The
noble-gas relaxation time T, is deduced from Eq.
(9) knowing the signal strengths at the times when
the cell is illuminated and the time the spin de-
caying in the “dark.” This procedure ensures that
the transverse alkali spin is zero and hence de-
coupled from the noble-gas spin decay.

IV. RESULTS

The total transverse decay rate 1/T2 defined in
Eq. (9), is assumed to be of the form

Ty =T +(Ty™"

=-I\’Rb.o'exi7""(Té)-1 ’ (18)

where to first order, the variation of T, to temper-
ature is due to spin exchange. Observing from Egs.
(5) that the spin-exchange cross section is inverse-
ly proportional to the relative velocity squared, we

plot in Fig. 5 typical relaxation rate data versus the
term Ng,/V. We have taken the Rb number density

to be given by the saturated formula!®

log, Ny, =—4560/T +30.98 —=2.45log, T, (19)
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where T is the cell temperature in kelvin, We per-
form a linear least-squares fit to the data such as
that represented in Fig. 5. The estimate of the
slope corresponds to the temperature-independent
exchange term oV?, and the intercept represents
the sum of all other relaxation rates 1/74, which in
the case of ??Xe is mostly due to magnetic field
gradient relaxation. Finally, in Fig. 6, we plot the
measured spin-exchange cross section versus N,
buffer density in the cell.

The role of molecular formation in the spin-exchange process

We believe that the results displayed in Fig. 6
are an indication of a role of the Rb-Xe diatomic
molecule in the spin-exchange process. The solid
line curve in Fig. 6 represents a least-squares fit
of the data to a simplistic molecular model of the
exchange process.

We take the exchange rate between the Rb elec-
tronic spin and the Xe nuclear spin to have con-
tributions from bound-molecular-type collisions
and binary-type collisions, which are independent,
and hence we can write the total exchange rate at

1T, (1073 sec™h

[ 1 2 3 4 5 6 7 8
N_. /7 (10° cm™ sec)
Rb

FIG. 5. Typical plot of the Xe relaxation rate versus
NguV. The solid line represents a linear least-squares
fit of the experimental data, where the slope of the line
represents the spin-exchange cross-section term, and
the intercept is the sum of all other relaxation rates.
The error bars on the data points are a standard devia-
tion of repeated trials. These data were taken from a
cell containing ¥Rb, 0.5 Torr 1%*Xe and 74.5 Torr N,.
The least-squares fit yielded a temperature independent
rate of (3.67 £0.3) x10~4 sec™land 0.,V 2= (4.07 +0.35)
x10~1% cmisec2.

)

-10 -2
cm sec

(10

ex

0 10 20 30 40 50 60 70 80 90 100 110

Nz PRESSURE (Torr)

FIG. 6. Plot of the spin-exchange cross-section term
versus the N, pressure. The solid line is least-squares
fit of the data to our molecular spin-exchange model.

"The error bars on the data points represent a standard

deviation for repeated trials.

Tl =T (molecule) + T L(binary), (20)

where both contributions can be written in terms of
a spin-exchange cross section as in Eq. (4). We
neglect the effects of quasi-bound molecules follow-
ing the results of a previous study of the Rb-Xe
molecule.!” For bound molecules, which are form-
ed in three-body collisions, we take the third body
to be an N, molecule, which is always by far in
greatest abundance. In this case then, we have that

" the molecular formation rate is proportional to the

density of N,. Taking the correlation time of the
interaction to be the duration of the collision, then
T. is inversely proportional to the density of N,,
since the Rb-Xe molecule exists only until it ex-
periences a collision. Again, because of the re-
lative number densities in this work, we take the
breakup body always to be an N, molecule. The
short binary collisions between the Rb and Xe
atoms are independent of the N, density. As a

function of N, density we can rewrite Eq. (20) as

-1 _ _&__(b/Pz)
Tex—(ap)21+(b7Tp )+C. (2]_)
Rearranging the terms we find
- ab
Tei':%-b—;%z +c, (22)

where p is the density of N,, the factor a corre-
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sponds to the molecular formation rate, d repre-

sents the average interaction strength correlation
time product, and c is simply the binary exchange
rate.

Evaluation of the parameters

A least-squares fit of our data to the functional
form of Eq. (22) yielded the following information:

(1) The three-body collision rate of Rb, Xe, and
N, per Xe atom was found to be

T;'=(4.5+0.5)X10™ sec™/Torr N, (23)

when evaluated at 273 K. Bouchiat et al.!® evalu-
ated the formation rate of Rb-Xe molecules in the
presence of Xe only. Normalizing our formation
rate per Torr Xe and converting to a formation
rate per Rb atom, we find that our value differs
from the one reported by Bouchiat by about 12%.
The significance of this comparison lies only in the
order-of-magnitude agreement, since the work of
Bouchiat et al. was concerned with a different
three-body collision.

(2) The average strength of the interaction multi-
plied by the duration of the collision per Torr N,
was found to be

T~ 15. (24)

If we assume that the lifetime of the molecule is
limited by N, collision, we can use standard gas
kinetic arguments to estimate

7,=0.5X107 sec/Torr N, . (25)

Substituting this value into Eq. (24), we find the
average interaction strength:

)~3x 108 sec™. (26)

This value is only of order-of-magnitude agree-
ment with that estimated previously for the binary
collisions,”? but that seems to be reasonable
agreement considering the approximations used in
the theory.

(3) The binary spin-exchange term was found to be

OoxV =(1.5+0.2) X107 cm* sec™. (27)

A previous measurement of the exchange cross
section for 3'Rb-'?*Xe was made by Grover® in cells
buffered with 500 Torr He!. Extrapolating our
values for N, out of 500 Torr, we find a difference
of about 307% between our value and Grover’s. The
difference may lie in either different molecular
kinematics for He-buffered cells or in the fact that
Grover’s relaxation measurements were not done
in the “dark,” which would possibly have resulted
in a distortion of the Xe relaxation signal. ‘
Evaluating the spin-exchange cross section at

65 °C, we find 0., =1.1X10"1° cm?. This value is
about four times larger than what had been theoret-
ically estimated using the Herman-Skillman wave-
function tabulations.? We think that this is reason-
able agreement considering the uncertainty in the
parameters that enter into the calculations. For
instance the entire factor of 4 could result from
only a 20% error in the Rb wave function because
this parameter enters twice, each time raised to
the fourth power.

V. SUMMARY

The measurement of the 'Rb-!?*Xe spin-exchange
cross section has indicated a significant role of the
Rb-Xe van der Waals molecule in the spin-exchange
process. Our estimate of the molecular formation
rate for the Rb-Xe molecule is in reasonable a-
greement with the previously measured formation
rate,!® which we take to be supportive of our model
of molecular-enhanced spin exchange. Although
our estimate of the Rb-Xe spin-exchange cross
section is much larger than theoretical estimates,
we think that the overall agreement is generally
good, and discrepancies are indicative of the un-
certainties in the theory.

Since there has been recent evidence for the ex-
istance of alkali-atom-noble-gas-atom van der
Waals molecules with light noble gases,'® one
might expect a similar molecular-enhanced spin-
exchange cross section for *He and “'Ne, which
may be of interest in the consideration of polarized
nuclear targets.

The attainable nuclear polarization is seen from
Eq. (8) to depend on the T relaxation of the nuclear
ensemble and the saturated value of the alkali po-
larization. In our study of *Xe, the dominant
source of T'; relaxation was due to magnetic field-
inhomogeneities. Achieving nuclear polarizations
better than 90% of the alkali polarization in our
present apparatus would imply cell temperatures
of greater than only 60°C, for a sample buffered
with between 15 and 25 Torr N,. We note that the
field inhomogeneities could have been further re-:
duced from what we tolerated in our experiment
through the use of higher-order corrections on the
magnetic field. This would have in effect lowered
the already moderate cell temperature at which
one could attain relatively high nuclear polariza-
tions. Alkali ground-state polarizations approach-
ing 100%, through the use of laser pumping, have
recently been reported? in samples of Na with
densities of 10'2 em™. This alkali density is an
order of magnitude larger than the Rb densities in
our experiment. It is then quite feasible to expect
nuclear polarizations approaching 100% in con-
trolled environments through exchange with a
laser-pumped alkali vapor ensemble.
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