
VOLUME 49, +UMBER 1 PHYSICAL REVIEW LETTERS 5 JULY 1982

Efficiency of Spin Exchange between Rubidium Spins and 129Xe Nuclei in a Gas

N. D. Bhaskar and W. Happer
DePartment of Physics, Princeton University, Princeton, Nezo Jersey 08544

and

T. McClelland
DePaxtment of Physics, Case Western Peseme University, Cleveland, Ohio 44Z06

|,Received 26 April 1982)

By directly observing the nuclear polarization of '"Xe, the efficiency q of spin excharge
between optically pumped Rb spins and ' ~Xe nuclei has been measured. It is found that
1/g = 23+ 4 rubidium D

&
resonance-line photons are required to polarize a '2~Xe nucleus

when long-lived van der Waals molecules are unimportant. The binary spin-exchange
cross section deduced from our measurements is O.ex = (7.3+1.1) && 10 cm'.

PACS numbers: 32.30.Bv

Frequency

Synthesizer

NMR

Bridge

Low Noise
Pre Amplifier

CLP

C irc u I or ly Polar i zed
Dye Laser Beam

g= 794.7 nm

——Plate4
H =214

Rb

Xe

N MR Coils

Rb —Metal

Lock —in
A m pl i f i er

Chart
Recorder

G I ass Ce I I

Contoining

Rb, He, Nz and87

Xe (60 /o Xe )

FIG. 1. NMR apparatus for measurixg the absolute
nuclear polarization in ' Xe.

Recent experiments by Grover' and by Volk,
Kwon, and Mark' have suggested that large nu-
clear-spin polarization can be produced in '"Xe
nuclei by spin polarization with optically pumped
rubidium atoms. However, no direct measure-
ments of the xenon spin polarization have been
reported. In this Letter we report on the results
of extensive experimental studies of the absolute
nuclear spin polarization of "'Xe. These meas-
urements show that the binary spin-exchange
cross sections cited by Vol.k, Kwon, and Mark'
are more than an order of magnitude too large.

The apparatus used in this work is sketched in
Fig. 1. Spherical Pyrex cells, 29 mm in diame-
ter, were filled with a small amount of "Rb met-
al and various amounts of xenon (isotopically en-
riched to 60% '"Xe), nitrogen, and hei. ium gas.

The cells were maintained at temperatures be-
tween 50 and 100'C in a nonmagnetic oven. A

solenoid, corrected to sixth order, provided a
magnetic field of 220 G which was homogeneous
to a few milligauss over the cel.l volume. The
cells were pumped with circularly polarized,
7947-A Dy resonance light from a Spectra Physics
Model 375 dye laser operating with Oxazine 750
dye. The multimode linewidth of the dye laser
was about 40 6Hz and output power was as high
as 400 mW. The dye laser was pumped by the
red lines of a 5-% Spectra Physics Model 171
krypton ion laser.

The "'Xe polarization was detected by classical
nuclear magnetic resonance. The cell was con-
tained in an NMR coil of Helmholtz configuration
with a Q of about 150. An Anderson bridge, sim-
ilar to that described by Gamblin and Carrer, '
was used in conjunction with a PAR Model 113
preamplifier, and a PAR Model 5202 lock-in
amplifier operating at 251 kHz to detect the NMR
signal. In agreement with the results of Refs. 1
and 2, we found that the "'Xe relaxation rate
varied linearly with Rb number density.

We have interpreted our measurements by as-
suming that the major spin interactions in the
Rb-Xe pair are described by the Hamiltonian

II=AS ~ I+yS N+nS ~ K.

The angular momenta in (1) are illustrated in
Fig. 2. All three coupling coefficients A, y, and
n depend on the internuclear separation of the
Rb-Xe pair. The large contact interaction A S I
ensures that the electronic spin S and the nuclear
spin I of the Rb atom will remain coupled in all
but the shortest-lived van der Waals molecules.
The spin rotation interaction yS N between S and
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Fgo. 2. Hb-Xe molecule and the various angular
momenta. Typically ( N

~

= 70K. For 87Bb I/K = 2,
S/h = 2, and for "Xe K/h = L2.

(2)

,', g, )=,' —,
'

( ))&(z,) 2(F* z. )(K.)&+av*yc. &,

laxation' and alkali-'He spin exchange support
the idea that the anisotropic hyperfine coupl. ings
are small.

F To simplify the interpretation of our data we
used cells with several hundred Torr of total gas
pressure and at l.east 10 Torr of N, . This en-

K
sured that the lifetime ~ of the van der Waals
molecules was much shorter than the character-
istic evolution times h/y, h/a, and 1/v» the
I armor period of the Bb atoms in the NMR field.
The gas also ensured that the Rb nuclear spin
did not have enough time to relax during the life-
time of an excited atom, ' while the electronic

the tumbling angular momentum N of the Rb-Xe polarization of the excited state was completel. y
pair was extensively studied by Bouchiat and co- randomized by collisions. These conditions im-
workers. 4 The exchange interaction nS K be- ply that each of the circularly polarized D, pho-
tween S and the nuclear spin K of the '"Xe atom tons absorbed by a rubidium atom deposits h/2
was introduced by Gamblin and Carver' to ac- units of angular momentum in the Rb spin system.
count for the spin polarization of 'He in their Independent experimental studies by Tran' show
pioneering studies of alkali-noble-gas spin ex- that the nuclear spin is conserved during the opti-
change. Theoretical estimates by Herman' indi- cal pumping cycle for cells similar to those de-
cate that the anisotropic hyperfine couplings are scribed above. Then the evolution of (F,) due to
negligible, and experimental studies of alkali re- the combined effect of optical pumping and the

interaction (1) is described by

—,', &~.&= ", —,' —',(( ) )&~.)., -', (( ) &2(~*-~.*) &,&-&~,)&,

where (5r) is the mean photon absorption rate per Rb atom, (Ta) ' is the molecular. formation rate
per Rb atom, [I]=2I+1, and f is the fraction of "'Xe in the isotopically enriched sample. We neglect
the small additional relaxation due to the nuclei of '"Xe. All other relaxation mechanisms (e.g. , dif-
fusion of the Rb atoms to the cell walls) are negligible. The corresponding evolution of (K,) is

where D is the diffusion constant of xenon in the
cell, and (T„) ' is the molecular formation rate
per Xe atom. We pump the cells with the laser
until steady state is attained (representative
times are about 10 min) before measuring the
xenon polarization. To describe this initial state
theoretically, we integrate the right-hand sides
of (2) and (3) over the cell volume V, set the left-
hand sides equal to zero, and define the wall re-
laxation time T in terms of the diffusional flux
of (K, ) through the surface elements dS of the
cel.l

1
(K, ) V = gDw(K, ) ~ dg.

Eliminating J(F,) dV from the resul. ting pair of
equations, we find

2(K. ) [X.]V, —.'( ')
b, IT~ ~((yN)2)+ f/2(o! ) o'„+fv „'

(5)

Here T, is the longitudinal. relaxation time of
'"Xe spins in the illuminated cell, and the small
spatial nonuniformity of (K, ) has been ignored.
We neglect the very sl. ight differences of (F'
-F, ') in the illuminated and darkened cell. The
photon current deposited in the cell is

~I= J [Rb](5r) d V.

Physically the very basic equation (5) states that
the current of angular momentum ~Ih/2 deposited
by the pump beam in the Rb spin system is parti-
tioned into a fraction fqhIh/2 which flows to the
"'Xe nucl. ear spins; the rest is lost to the tumbl-
ing angul. ar momentum N. The influx to the "'Xe
spin system is balanced by an efflux f(K, )h[Xe] V/
T, to the wall. s and back to the Bb atoms. We may
therefore call. q the spin-transfer efficiency.

We determine g experimentally by measuring
the parameters on the left of Eq. (5) after steady
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= TIME

54 sec

state has been attained. The laser illuminates
about 10% of the total volume of the cell. The Rb
polarization in the laser-illuminated region is
usually 60%-95%. We measure the Xe nuclear
polarization averaged over the volume of the cell.
Typically, the Xe nuclear polarization is -5%-
10%. The determination of f(h".,) [Xe] and T, is
illustrated in Fig. 3 where we show the adiabatic
spin-reversal signals of "'Xe and a calibration
adiabatic reversal signal from the protons in a
distilled water cell of identical dimensions in the
same NMR coils and at the same frequency but
at a smaller static field. We may measure the
slight nonadiabaticity of the spin reversal from
the different amplitudes of the spin-reversal sig-
nals spaced a few seconds apart. The longitudinal
relaxation time T, is determined by noting the de-
cay of the NMH signal amplitudes when a second
pair of spin reversals is executed some 60 sec
later. The values of T, deduced from data like
those in Fig. 3 were confirmed by independent
measurements of the decay of the circu1.ar di-
chroism of the cells for 794-A light. ' The photon
current AI is determined by measuring the in-
cident dye laser flux with a power meter (Coher-
ent Model 210), correcting for reflection losses
at the oven window and cell wal. l, and determining
ing the fraction of photons stopped by the vapor
by tuning on and off the 7947-A resonance 1.ine.

The quantities (ft, ) [Xe]f, T» and EI vary sub-
stantially with temperature in a given cell; T,
becomes much shorter, (K, ) [Xe]f becomes smal-
ler, and LI increases as the cell temperature in-
creases. However, we have verified that the
ratio iI of Eq. (5) is independent of cell tempera-
ture or laser power for a given cell. The ratio

yN/n = 4.1. (8)

We have used the measured coupling-constant
ratio of Eq. (8) in combination with the spin-
disorientation cross section o „=1.64&&10 "cm~

measured by Bouchiat, Brossel, and Pottier4 to
deduce the binary spin-exchange cross section
for Rb-'"Xe

2

4 qy2N'

We believe that the binary spin-exchange cross
section 110~10 "cm' cited by Volk, Kwon, and
Mark' is too large because of the oversimplified
model used to interpret the data of Fig. 6 in their
paper. Their model ignores the spin-rotation in-
teraction in the low-pr'essure regime where it
can influence the relaxation of "'Xe. They also
ignore the nuclear spin I of the rubidium atom.
By including both of these effects we can fit the
data of Volk, Kwon, and Mark' with negligible
contributions from binary collisions. The smal1.
exchange cross section implied by our work
would have had negligible influence on the rubidi-
um spin relaxation rates measured by Bouchiat,
Brossel, and Pottier. 4

We note that in Hefs. 1 and 2 the basic meas-
urement is of a transverse relaxation time, T, .
Recently Kwon" has shown that the inhomogen-

g is also the same, within experimental error,
for cells with very different gas compositions,
as shown in Table I. The weighted mean for
three cells is

g = 0.043 + 0.006

with an error estimate which includes uncertain-
ties in NMH calibration, power meter calibra-
tion, etc. Combining (7}with (5}we find the
ratio of the root-mean-square coupling coeffi-
cients of Eq. (1) to be

Dis t illed
Wa ter TABLE I. Measured values of g for cells with dif-

ferent gas compositions.

~)Osec ~

Xe: (10torr, 60% Xe )

He: ( 599 torr)

Nz: (2C} toi t )

Xenon'~
(Torr)

9.98
19 8'

338.0

Helium
(Torr) "

599
200

0

¹itrogen
(Torr) b

20
21
14

0.0435(15)
0.0393(67)
0.0452(50)

FIG. 3. NMR signals from polarized ~~ Xe. Distilled
water is used for calibration. The decay constant for
this run is T&= 104.5 sec.

'Enriched to 60% ~ Xe.
Partial pressures measured at 20 C.
Drift of laser frequency contributes to scatter.
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eous polarization of the optically pumped rubidi-
um can substantially influence the relaxation time
T, . %e measure T» the longitudinal relaxation
time, and our system is not sensitive to field in-
homogeneities, wall shifts, or alkali polarization
inhomogeneities. Our measurements are also in-
dependent of the number density of Rb or Xe
atoms.

Although the spin transfer efficiency q of (7) is
much less favorable than one would infer from
the numbers cited by Volk, Kwon, and Mark, ' it
still seems certain that large and highly polarized
samples of "'Xe can be prepared by spin ex-
change with optically pumped alkali atoms. For
example, the photon current corresponding to 1
W of absorbed dye laser power and a wall-domi-
nated relaxation rate of 1 h wil. l allow one to po-
larize 3&&10" "'Xe spins, according to Egs. (5)
and (7). This is 11 cm' of 100% polarized '"Xe
at STP. Such a sample would be of considerable
interest as a target for nuclear scattering experi-
ments.
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Observation of Rydberg(C2II)-valence(82II) Interactions in NO
by Multiphoton Photoelectron Spectroscopy
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Photoelectron spectra for the three-photon resonant, five-photon ionization of NO via
the v" = 0 level of the C II(3P m) Rydberg state show that NO+ (X Z ') is formed primarily
inv' = 0 andv'& 3. The relative populations of thev' = 0 tov'&3 levels are strongly de-
pendent on the excited rotational level of the C state. These data are consistent with
known perturbations between the nearly degenerate C~II, v" = 0 Rydberg and&~II, v = 7
valence levels.

PACS numbers: 33.60.Cv, 33.70.Ca, 33.80.Kn

Multiphoton ionization (MPI) has become an in-
creasingly important tool in high-resolution spec-
troscopy because of its sensitivity and ability to
detect excited states which do not fluoresce. For
the most part, MPI experiments have used the
total ion (or photoelectron) yield as a measure
of the absorption strength. Such data have pro-
vided a great deal of spectroscopic information
on the resonant, intermediate excited states. '

Analysis of the ejected photoelectrons (energy
and angular distribution) adds a new dimension
to the MPI technique, since photoelectron spec-
troscopy can provide information on the final-
state (internal energy) distribution of the ion and
the dynamics of the photoejection process. Sev-
eral groups have recently applied multiphoton
photoelectron spectroscopy (MP-PES) to the
study of nonresonant and resonant ionization of
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