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Effects of atomic orientation on atom-dimer equilibria in alkali-metal vapors

R. J. Hoobler and R. A. Bernheim*

Department of Chemistry, Penn State University, 152 Davey Laboratory, University Park, Pennsylvania 16802
~Received 19 September 1997!

Optical orientation of reagents is one approach to achieving selectivity in a chemical reaction and has been
used successfully to shift the point of equilibrium in bulk reaction mixtures of alkali-metal atoms and dimers.
In addition to the continuous control of the point of equilibrium in the dimerization of sodium atoms, the
control of the ortho-para nuclear spin distribution is shown here to also be a function of the degree of atomic
spin orientation over a broad range. The direction of the spin conversion is para to ortho. For a mutlicomponent
vapor, the optical orientation of6Li in a mixture of lithium-6 and lithium-7 is shown to produce a continuous
and selective control of the isotopic dimer concentrations.6Li 2 ~para! is selectively destroyed in the presence
of the other dimer species. In this way the composition of a multicomponent metal vapor system at chemical
equilibrium can be manipulated. The constraint produced by the optical orientation of one of the reagents offers
a technique whereby the equilibrium yield of a multicomponent bulk chemical reaction can be laser controlled
in a selective and continuous fashion.@S1050-2947~98!00203-0#

PACS number~s!: 32.80.Bx, 34.50.Rk
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I. INTRODUCTION

It is known that the point of equilibrium of a dimerizatio
reaction 2A↔A2 can be shifted by optically orienting th
angular momenta of the reagent atoms@1–7# and successfu
experiments have been conducted on dimerization react
in several alkali-metal vapors. To achieve a chemistry
these systems that differs significantly from that which
statistically thermal, several conditions must be satisfi
First, the atomic orientation rates must be fast compare
the relaxation towards the thermal distribution. Second,
state into which the system is pumped must be stron
coupled to~or away from! the reaction pathway or potentia
energy surface that is important for the reaction.

In a dilute spin-oriented alkali-metal atomic vapor, atom
collide with each other only along spin-triplet potentia
energy surfaces correlating with the2S1/21

2S1/2 separated
atomic ground states. This diatomica 3Su

1 potential is ‘‘an-
tibonding,’’ having only a very weak dissociation energ
compared to that of the more strongly boundX 1Sg

1 molecu-
lar ground state. For the normal thermal statistical distri
tion of atoms among their groundF,MF states, collisions
along both thea 3Su

1 triplet antibonding andX 1Sg
1 singlet

‘‘bonding’’ trajectories take place. With the added presen
of inert buffer gas atoms or molecules to provide the thr
body collisions required to stabilize the formation ofX 1Sg

1

molecules, the conditions of thermal dynamic equilibrium
the bulk mixture can be attained for the forward and reve
directions of the dimerization reaction. Atomic spin orien
tion produced by optical pumping results in an increase
the fraction of 2S1/21

2S1/2 collisions that occur along the
triplet, antibonding potentials and a decrease in the frac
along the singlet, bonding potentials. The atomic collisio
are therefore directed away from the dimerization pathw
producing a net decrease in dimer yield at equilibrium@8#. In

*Fax: ~814! 865-3314. Electronic address: r5b@psu.edu
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the absence of other rate processes or perturbations, c
plete spin orientation should stop the dimerization proce
For conditions of reversibility, the position of the atom
dimer equilibrium will shift to eliminate the dimer compo
nent when the atoms are optically oriented. In real exp
ments on alkali-metal atom-dimer equilibria, measuremen
the dimer density using laser-induced fluorescence~LIF! is a
convenient and sensitive monitor of the point of equilibriu
or yield of the reaction.

Previous work studying the effect of atomic orientation
the sodium atom-dimer equilibrium suggested that a sim
two-level model was sufficient to model the atom-dim
equilibrium in an oriented alkali-metal vapor@3,9#. However,
it was also known that nuclear spin polarization and che
cal exchange occur in optically oriented sodium vapor@10–
14#. Recent work in our laboratory on the homonucle
alkali-metal vapors of lithium-6 and lithium-7 clearly dem
onstrated that nuclear spin cannot be neglected and a
level model was inappropriate. In the case of lithium, t
chemical exchange transfer of nuclear spin polarization p
cess is very dramatic, leading to a large conversion of par
ortho molecules. With the experimental arrangement in
present work, it was possible to simultaneously probe m
rotational states of the Na2 A 2Su

1←X 2Sg
1 electronic tran-

sition and thus follow the ortho-para distribution as a fun
tion of atomic orientation. The present results on the effec
optical orientation of atomic sodium vapor show para
ortho conversion, but not to the extent found in lithium.

The results reported here on the mixed isotope system
lithium evolved from previous work in this laboratory o
lithium-6 and lithium-7. As stated above, the para to ort
conversion that accompanies the orientation of atom
lithium is very dramatic, but initial studies of the mixed iso
tope system showed only a modest decrease in the6Li 7Li
density@7#. However, the possibility of using laser radiatio
to selectively control a multicomponent system warran
further study. In the present experiments on the mixed i
tope system of lithium, the molecular density of the fi
diatomic species present in the vapor could be simu
1967 © 1998 The American Physical Society
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FIG. 1. Segment of the23Na2 LIF spectrum in sodium vapor at 548 K~left! in the absence of23Na atomic orientation and~right! with
a 23Na orientation ofS50.91.
om
t

es
en

re
d
u-
p-
d
se
d

th
in
-G
te

u
in
e

ic
m

ye

cw
the

u-
48
-

sed
The
y
the
n

the
nd

n
ged

ts
ar

the

m-
the

ra
the
-
cal
ies
nse
free
m

ce

nd
neously monitored. The results show how one of these c
ponents in a lithium metal vapor mixture can be targeted
produce a change in the bulk equilibrium composition. Th
experiments clearly demonstrate some of the requirem
necessary for laser control of a chemical reaction.

II. EXPERIMENT

The experimental arrangement has been described p
ously @5#. The atomic alkali-metal orientation is produce
using the Dehmelt optical pumping configuration with circ
larly polarizedD1 radiation propagating parallel to an a
plied magnetic field@15#. The molecular density is monitore
using LIF excited by a scanable single-mode ring dye la
~Coherent 899-29!, the wavemeter of which was calibrate
with the iodine spectrum. For both the sodium and
lithium experiments, the metal vapor was contained in 2-
I.D. stainless-steel cruciform heat-pipe cell placed in a 40
magnetic field. The other experimental conditions are sta
below.

III. RESULTS AND DISCUSSION

A. Sodium

The displacement of the sodium atom-dimer vapor eq
librium produced by atomic spin orientation is shown
Figs. 1 and 2 for the 2Na↔Na2 reaction where the decreas

FIG. 2. Fractional change in molecular density for ortho- a
para-Na2 as a function of23Na atomic orientation. The (1-S2) de-
pendence is that predicted from a two-level model for the2S1/2

ground electronic state of Na.
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in the Na2 density produced by optically orienting the atom
Na vapor component is clearly evident in the LIF spectru
of Na2. In this experiment a broadband multimode cw d
laser tuned to the Na(32P1/2– 3 2S1/2) resonance transition is
used to optically orient the Na atoms while a single-mode
ring dye laser is scanned across a segment of
Na2(A

1Su
1 –X 1Sg

1) transition to monitor the Na2 density.
Variation of the optical pumping power is used to contin
ously control the degree of atomic orientation. For Na at 5
K and with 150 torr of Ne buffer gas, optical pumping pow
ers up to 200 mW in a 1-cm-diam laser beam can be u
before the onset of saturation of the resonance transition.
orientation parameterS is determined experimentally b
measuring either the atomic fluorescence intensity or
transmitted circularly polarized optical pumping radiatio
@16#. Both approaches yield consistent values withS50 des-
ignating no orientation andS51 total orientation. Since
23Na has nuclear spin, a fully relaxed distribution among
F,MF hyperfine and Zeeman sublevels of the atomic grou
state is indicated byS50. Population of a singleF,MF level
in the atomic ground state, whereuMFu has its maximum
value, corresponds toS51. In Fig. 1 the 80% decrease i
Na2 density produced when the atomic orientation is chan
from S50 to near unity is dramatic.

Because23Na2 is a homonuclear diatomic molecule, i
X 1Sg

1 ground-state rotational levels combine with nucle
spin functions determined by the particle statistics of
nuclei. As the23Na nuclei have spinI 5 3

2 , they are fermions
requiring the total molecular wave function to be antisy
metric with respect to an interchange of the nuclei. For
X 1Sg

1 ground electronic state~even symmetry! the ortho
molecules~even nuclear spin symmetry! must belong to the
molecular rotational states of oddJ ~odd symmetry!, while
the para molecules~odd nuclear spin symmetry! belong to
states of evenJ. The concentrations of the ortho and pa
varieties of Na2 can therefore be measured separately in
same experiment. The atomicMF orientation and its accom
panying nuclear spin polarization produced by the opti
pumping are transferred to the nuclei of the dimer spec
resulting in a preference for ortho molecules at the expe
of the para species. The nuclear spin polarization of the
alkali-metal dimers produced by transfer of orientation fro
optically pumped alkali atoms, observed@10,11# in Cs2 and
also@12# in Na2, is clearly evident in Fig. 2. The dependen
of the Na2 concentration as a function of atomic orientationS
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57 1969EFFECTS OF ATOMIC ORIENTATION ON ATOM-DIMER . . .
is shown here for Na2. For sodium vapor, the transfer o
nuclear spin orientation from atoms to dimers was shown
take place primarily by a chemical exchange mechan
@13,14#. Here it is evident that the optical orientation of th
Na atoms produces not only a continuously control
change in the 2Na↔Na2 atom-dimer chemical equilibrium
composition of the vapor, but also the para→ortho nuclear
spin conversion for Na2.

In the plot of molecular density expressed asN(S)/N(S
50) vs S shown in Fig. 2, the LIF data are obtained fro
averages of the (n85n950) transitions, P(45), P(44),
P(42), R(49), R(48), andR(47), and from the (n854;n9
50) transitions,P(33), P(32), R(38), R(36), andR(35).
The experiment was repeated numerous times at each v
of S with excellent reproducibility. The error bars sho
61s.

For an atom-dimer reaction in which the atomic grou
states have an idealizedMs5

1
2 ,2 1

2 two-level structure, a
simple two-level model@9# results in an orientation depen
dence of the atom-dimer equilibrium constant for the op
cally oriented vapor system that changes asK(S)
5K(thermal)(12S2). Although the alkali-metal atoms with
their hyperfine structure are clearly not two-level systems
their ground electronic states, this relationship has rece
some previous attention and predicts that the dimer den
decreases with a 12S2 dependence on orientation@3,9#. As
might be expected, the data in Fig. 2 deviates from this
appropriate model dependence for 223Na↔23Na2. The fact
that the Na2 density is still significant atS50.94 is due to
competing relaxation processes such as collisional disor
tation at the cell walls as well as continued evaporation fr
regions containing condensed metal. Nevertheless, the
sults show that the laser controlled equilibrium shift
clearly a substantial effect. When the orientation is forced
approach unity~complete orientation!, the dimer density is
reduced to 20% of its thermal value. A further decrease
Na2 density may be possible by enlarging the vapor cell
ometry to reduce wall relaxation, modifying the buffer g
composition and pressure, the use of wall coatings to fur
reduce wall relaxation, variation of the metal vapor dens
to change the metal-metal collision rates, change of temp
ture to change collision energies, etc. However, by show
the true dependence of the atom-dimer density and the
pendence of the ortho-para distribution as a function
atomic orientation, the main objectives of the present exp
ment on sodium vapor have been achieved.

B. Lithium

A different objective is realized in an experiment on
50%-50% mixture of lithium-6 and lithium-7 vapor. In thi
system, the continuous and selective control of the densit
one of the many reaction products can be realized.

The role of nuclear spin symmetry has been explored@5–
7# for 6Li 2,

7Li 2, and 6Li 7Li where, for the homonuclea
dimers, the ortho-para effects are clearly exhibited by
different nuclear spin statistics demanded by bosons6Li( I
51) and fermions7Li( I 5 3

2 ). In separate experiments o
pure 7Li vapor and pure7Li vapor, the para variety was
always found to be destroyed in preference to the ortho s
cies. The ortho-para ratio can also be continuously contro
o
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in these experiments on the separate isotopes of lithium. T
means that in 26Li↔6Li 2 the shift in equilibrium away from
dimers preferentially decreases the density of those grou
state 6Li2 molecules that have odd values of the rotation
quantum numberJ, while in the case of 27Li↔7Li 2 the shift
preferentially decreases7Li2 with evenJ. In experiments on
6Li 7Li there is no symmetry requirement and all rotation
states of even and oddJ are uniformly suppressed.

The mixed isotope system of6Li and 7Li vapor provides
an excellent opportunity to study the laser control of chem
cal equilibria in a more complex reaction mixture:6Li,
7Li, 6Li 2~ortho!, 6Li 2~para!, 7Li 2~ortho!, 7Li 2~para!, and
6Li 7Li. Figure 3 shows a small segment of the lithium dim
LIF that exhibits spectral transitions for all five dimer spec
simultaneouslyand the resulting change when only one sp
cies, the6Li atoms, is optically oriented. This combined e
periment differs from the previous studies where the th
isotopic lithium dimers were studied in separate experime
conducted at a time when two separate single-frequenc
sers were not available in our laboratories. The line frequ
cies and assignments for the present work are given in T
I. The different feature of this series of experiments is t
continuously controlled selective destruction of6Li2~para! in
the presence of only a small decrease in equilibrium den
of the other four dimer components in the reaction mixtu
as shown in Fig. 4. At first this result was surprising, but t
selective behavior can be understood within the contex
the various optical pumping, spin exchange, and relaxa
rates that are responsible for the energy-level distribution
all participating reagents. As discussed below, it was ant

FIG. 3. Segment of the Li2 LIF spectrum for a mixture of6Li 2,
7Li 2, and 6Li 7Li vapor at 783 K~......! in the absence of6Li atomic
orientation and~—! with a 6Li orientation ofS50.26.

TABLE I. A 1Su
1 –X 1Sg

1 dimer transitions in Fig. 5 monitored
by LIF to measure the relative densities in the lithium mixed is
tope vapor. NA denotes not applicable.

Vapor (cm21) Assignment Ortho or para

7Li 14 733.68 (4-0)R(40) para
6Li 7Li 14 734.47 (4-0)P(36) NA
6Li2 14 735.29 (3-0)R(22) ortho
6Li2 14 735.61 (3-0)P(17) para
7Li2 14 736.53 (4-0)P(35) ortho
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1970 57R. J. HOOBLER AND R. A. BERNHEIM
pated that optical pumping of6Li would have also resulted
in an orientation of7Li through the electron spin exchang
mechanism. An orientation of both6Li and 7Li would pro-
duce a decrease of all dimer species accompanied by a
to ortho spin conversion for the two homonuclear comp
nents. However, under the present conditions, the transfe
orientation from 6Li to 7Li by spin exchange is inefficien
and the chemical change is dominated by collisions betw
pairs of oriented6Li atoms and atomic exchange collision
of oriented6Li with 6Li2. Furthermore, only a slight para t
ortho conversion is observed for7Li2.

In the mixture, the selective optical orientation of6Li
atoms is produced by single-mode circularly polarizedD1
radiation, 6Li(3 2P1/2←3 2S1/2), propagating parallel to the
weak magnetic field. This atomic transition does not over
any of those for7Li, ensuring excitation only of6Li. The
experiment was carried out at temperatures between 680
800 K and with a He buffer gas pressure of 150 torr. T
pump laser power required for the control of the optical o
entation of6Li was varied up to a maximum of 30 mW in
3-mm-diam beam, with saturation of the atomic pump tra
sition again being one of the limiting factors for maximu
atomic orientation. The frequency scanned probe laser b
used to detect Li2 was 1 mm in diameter. The normal equ
librium metal vapor pressures at 783 K are@17# 5.1
31023 torr for Li and 1.331025 torr for Li2. It is possible
to transfer some6Li orientation to 7Li via electron exchange
collisions provided the6Li and 7Li atomic spin relaxation
rates are significantly slower than the6Li- 7Li spin exchange
rate. For the experimental environment used here, the m
sured Li atomic spin relaxation time is 1022 sec, which ap-

FIG. 4. Simultaneous fractional change in molecular density
6Li 2~ortho!, 6Li 2~para!, 7Li 2~ortho!, 7Li 2~para!, and 6Li 7Li as a
function of 6Li atomic orientation in a mixture of 50% lithium-6
and 50% lithium-7 vapor at 783 K. The data are separated into
plots to avoid congestion.
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pears to be too fast to produce significant spin exchange.
also one of the factors limiting the degree of6Li atomic
orientation. While an accurate atomic Li spin exchange cr
section is not yet available, the observations here indica
negligible exchange transfer of orientation from6Li to 7Li.
Additional support for this conclusion comes from the fa
that optical radio-frequency double resonance experime
were not successful for the configuration where the6Li is
optically pumped and the frequency is tuned to a7Li Zee-
man resonance. Such spin exchange optically detected
man resonances are easily observed in85Rb-87Rb, where Rb
spin relaxation times are typically in the range 0.5–1 sec
in mixtures of alkali-metal vapors where one species is
tically pumped and the radio-frequency Zeeman transition
the other is probed, resulting in optical detection of the Z
man resonance in the electronic transitions of the pum
species. The negligible transfer of orientation from6Li to
7Li explains why the corresponding dimer densities for t
2 7Li↔7Li 2 and 6Li17Li↔6Li 7Li reactions are only slightly
affected by the6Li orientation. The selective destruction o
6Li2~para! in the equilibrium mixture compared to
6Li2~ortho! almost certainly arises from the chemical e
change

Li ~↑!1Li2~para!→Li ~↓!1Li2~ortho!,

similar to the known mechanism for sodium vapor@13,14#.
The disoriented Li~↓! product is subsequently optically reor
ented and the elementary reaction step is repeated again
again until Li2 ~para! has been converted to Li2 ~ortho!.

The overall chemical isotopic result is a decrease of6Li2
while 7Li2 and 6Li 7Li are substantially unchanged as show
in Fig. 5, where the nuclear spin symmetry species conc
trations have been averaged for6Li2 and 7Li2. The overall
isotopic composition of the lithium dimers is therebyma-
nipulatedby means of the degree of6Li atomic orientation.
The reproducibility of both the lithium and sodium expe
ments over many repetitions is indicated by the error ba
which are61s.

The low orientation of7Li is responsible for the modes
shift of the mixed isotope species6Li 7Li as well as7Li2. In
order to reduce the spin relaxation rates several meas
ments were made for6Li 7Li at lower temperatures where

r

o

FIG. 5. Dependence of the average6Li2,
7Li 2, and 6Li 7Li com-

position of a 50%-50% mixture of isotopes in the lithium vapor
783 K as a function of6Li atomic orientation.
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57 1971EFFECTS OF ATOMIC ORIENTATION ON ATOM-DIMER . . .
higher orientation of6Li could be achieved. These results a
given in Table II and show that even for relative high orie
tation (S.0.6) the maximum decrease in6Li 7Li density is
still only about 15%.

In a more general sense, these experiments are a
demonstration of the conditions that must be fulfilled f
laser control of a chemical reaction. One requirement is
the preparation rate of the optically pumped state be sig
cantly greater than its relaxation rate to the other degree
freedom available to the system. In the alkali-metal vap
there are a limited number ofF,MF states available to eac
atom, only one of which is populated by optical pumping
the expense of the others. At the same time, the spin re
ation or disorientation of the alkali-metal-atom ground sta

TABLE II. Value of N(S)/N(S50) for 6Li 7Li measured with
several different rovibrationalA 1Su

1 –X 1Sg
1 transitions as a func-

tion of 6Li D1 pumping power giving6Li atomic orientations to
values ofS.0.6.

Transition
(v82v9) S

Power
~mW! N(S)/N(S50)

T
~K!

(4-0)R(34) 0.6260.005 2.9 0.8660.012 680
0.6560.014 5.3 0.9160.021
0.6460.025 14 0.8860.022
0.6560.034 30 0.8060.024

(4-0)R(34) 0.1960.019 0.51 0.9260.014 700
0.3060.013 1.0 0.8460.017
0.4860.008 28 0.8460.018

(4-0)R(33) 0.1960.013 0.50 0.8960.004 700
0.3060.019 1.0 0.8660.001
0.5060.018 27 0.9060.039
-

ear

at
-
of
s

t
x-
s

can be targeted to a desired value through a choice of bu
gas pressure, cell dimensions, wall coatings, etc. A sec
requirement involves the relationship between the reac
pathway or potential-energy surface and the state that is
tically pumped. In the present experiments, the optical ori
tation dictates that the atoms collide only on the spin-trip
antibonding surface. By placing the atoms on the potent
energy surface that doesnot connect with ground-state
dimers the dimer yield is lowered and the dynamic equil
rium shifts to favor atoms.

As mentioned above, the degree of orientationS depends
upon many factors such as the various relaxation mec
nisms including disorientation collisions with the buffer g
and diffusion to the cell walls. In addition, the pumping las
bandwidth and power as well as the laser mode structure
affect the efficiency with which all velocity distributions o
the alkali-metal atoms are optically pumped. If desired, th
can be optimized for lithium by using a larger cell geomet
a different buffer gas and/or different buffer gas pressure
laser linewidth more closely matched to the Doppler lin
width, etc. However, the main objective of the present stu
was to report the effect of optical orientation on a selec
component of a complex reaction mixture. This study sho
how the continuous control of the atomic orientation spec
can be used to control the chemical composition of the m
ticomponent vapor. With the mixed isotope lithium vapo
para 6Li2 molecules are selectively destroyed, while a mo
est decrease in the other diatomic species is observed.
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