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Ortho-para separation of molecules using optical orientation of atoms in hyperfine Zeeman state

Chun He
Molecular Physics Laboratory, SRI International, Menlo Park, California 94025

~Received 13 February 1997; revised manuscript received 5 September 1997!

Ortho-para separations of7Li 2 and 6Li2 molecules were achieved by using a monochromatic laser beam to
align atoms into a single nuclear spin state. This approach is unlike the cryogenic cooling technique, which has
been successful only on very light molecules~such as H2 and D2!, which have large energy gaps between the
lowest rotational states. The atoms were ‘‘pumped into’’ a single hyperfine Zeeman state with defined electron
and nuclear spin orientations. The well-resolved rotational structures of the lithium molecules, as shown by
laser-induced fluorescence spectra, revealed the enrichment of ortho-components over para-components. Using
laser radiation with a power density of;10 mW/cm2 can increase the amount of ortho-components by a factor
of 2 for 7Li 2 vapor and by a factor of 3 for6Li 2 vapor on a time scale of milliseconds. This paper proposes a
model to account for the experimental observations. These increases in the concentrations of ortho-components
to para-components are explained by a combined effect of~i! a decrease in molecular density due to the
electron spin orientation and~ii ! a transfer of nuclear spin momenta from oriented atoms to molecules. The
exchange reaction, Li81Li2→Li3→Li 8Li1Li, appears to transfer the spin orientation from atoms to molecules.
A substantial number of ortho-para separations can be achieved through multiple exchange collisions. Appli-
cations of this technique to other homonuclear diatomic molecules and polyatomic molecules with nuclear
exchange symmetry are predicted.@S1050-2947~98!02205-7#

PACS number~s!: 33.25.1k, 33.15.Pw, 33.20.Bx
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I. INTRODUCTION

The ortho and para forms of homonuclear diatomic m
ecules and molecules with a nuclear exchange symmetry
intrinsic properties originating from wave functions of the
nuclear spin states. The requirement that the overall mole
lar wave function be symmetric or antisymmetric with r
spect to the exchange of two or more identical nuclei restr
the rovibrational states that each form can have@1#. The
ortho- and para-molecules each occupy rovibrational ene
levels that differ from each other by one rotational quant
number. Generally, the two forms mix together and reach
equilibrium composition determined by the number
nuclear spin wave functions each form has. At extremely l
temperatures, the occupation of each form is also influen
by the thermal statistical weight that influences the popu
tion of the lowest rovibrational energy levels.

Ortho-para separation, or the shift of molecules from th
thermal equilibrium values, has long been sought becaus
important applications in fundamental studies~such as
nuclear spin relaxation and ortho-para transition! and in
practical applications~such as recent work on the magne
resonance image of lungs! @2#. However, separation of an
molecule other than H2 or D2 in which the ratio of the con-
centrations of the different nuclear spin symmetry specie
different from the high-temperature equilibrium value h
not been reported@3#.

The separation of H2 or D2 was achieved over severa
months by cryogenic cooling, taking advantage of the la
energy separation between the lowest states of the two fo
@4#. For example, the lowest state of para-H2 is separated
from the lowest state of ortho-H2 by a rotational energy
equivalent of 175 K (122 cm21), allowing enrichment of
para-H2 at low temperature; the para-H2 can then be warmed
up without a change of nuclear spin state.
571050-2947/98/57~5!/3753~10!/$15.00
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Obviously, this method cannot be applied to the rest
the homonuclear diatomic molecules, because of the sm
rotational energy spacing between the two forms result
from increased molecular weights. For example, the ene
separation between the lowest state of para-7Li2 and the low-
est state of ortho-7Li2 has a temperature equivalent of le
than 2 K, and this separation is merely 0.1 K in127I 2 , a
temperature well below the freezing point of these eleme
Many alternative methods have been suggested and
tempted without success@4,5#.

Here, I report a method for obtaining a very large deg
of ortho and para separation of homonuclear diatomic m
ecules. The effectiveness of this method was demonstrate
experiments performed on isotopically pure7Li2 and 6Li2
molecules, in which the concentrations of ortho-7Li2 and
ortho-6Li2 were increased by a factor of 2 and 3, respectiv
@6–8#. I achieved separation in two steps:~i! by establishing
a nuclear spin orientation in atoms and~ii ! by transferring
the nuclear spin orientation to molecules through atom
change collisions. The orientation of nuclear spin in the
oms was achieved by optical pumping within hyperfine Ze
man states. I have achieved over 50% efficiency of s
atomic orientation into a single nuclear spin state for b
7Li and 6Li atomic vapors@6#. Happer@9# reported that a
100% spin orientation in Na atoms was achieved usin
sophisticated cell coating technique to minimize spin rel
ation from collisions with cell walls.

II. EXPERIMENTAL PROCEDURES

The experimental arrangement was described previo
@6,7#. The diatomic molecules were generated in a stainle
steel pipe cross charged with isotopically pure7Li or 6Li
and He buffer gas. The buffer gas protects the nuclear s
oriented atom from diffusing to the walls of the vapor ce
3753 © 1998 The American Physical Society
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~where the spin orientation can be destroyed at high e
ciency! before colliding with a molecule. The experimen
were performed between 550 and 650 K for both7Li and
6Li, with buffer pressures of 200 torr for7Li and 50 torr for
6Li. Vapor pressures of Li and Li2 were 1.9831027 to
3.6631025 torr and 9.7310211 to 1.9831028 torr, respec-
tively, at the above heating temperatures@10#. A steady mag-
netic field of 40 G was applied to the cell with a pair
12-in.-diam Helmholtz coils. This field was of sufficien
magnitude to overcome disorientation effects due to st
time-dependent magnetic fields, and it produced a splittin
28 MHz between hyperfine Zeeman states of the ground s
2 2S1/2 and a splitting of 9.34 MHz between the hyperfin
Zeeman states of the 22P1/2 excited state@6,11#.

Without the steady applied magnetic field, nuclear s
orientation could not be produced. The nuclear spin polar
tion of 7Li or 6Li atoms is produced with a circularly polar
ized, single mode cw dye laser tuned to theD1 resonance
transition (22P1/2←2 2S1/2) at 670.79 nm, propagatin
through the cell parallel to the magnetic field@6,11#. The
laser linewidth was not determined, but was estimated to
;10 MHz according to the manufacturer. With a beam
ameter of 5 mm and a typical output power of 10 mW, t
laser power density used in the experiment is ab
50 mW/cm2. In the ground state, orientation consists of
preferred population of one of the magnetic sublevels w
either maximumMF ~if the direction of circular polarization
is along the direction of the magnetic field! or minimumMF
~if the direction of circular polarization is counter to the d
rection of the magnetic field! @6#. The preferred population a
a singleMF level is due to the transition selection rule
DMF511, under the excitation of as1-polarized photon,
or DMF521, under the excitation of as2-polarized pho-
ton.

Atoms in all the hyperfine Zeeman levels belonging to
2 2S1/2 state can be excited to the 22P1/2 excited stateexcept
for atoms in the maximumMF level (F52, MF52) for
s1-polarized photon excitation or atoms in the minimu
MF level (F52, MF522) for s2-polarized photon excita
tion. Atoms in the 22P1/2 excited state can, however, spo
taneously radiate toall levels of the 22S1/2 ground state and
be reexcited by the laser, ultimately producing atomic ori
tation in the single hyperfine Zeeman level, (F52, MF52)
or (F52, MF522). The hyperfine Zeeman transitions c
be pumped at a single laser wavelength because the sp
~37.33 MHz! between the spectral lines of the allowed h
perfine Zeeman states transitions under theD1 profile is
much smaller than the line broadening~a few GHz! at cell
pressures of 50–200 torr@12#.

The laser frequency is carefully tuned to avoid induci
atomic transitions to the 22P3/2 manifold, which is located
9.28 GHz above the 22P1/2 manifold. Atomic orientation
cannot be achieved with aD2 transition (22P3/2←2 2S1/2),
becauseall hyperfine Zeeman levels in the 22S1/2 ground
state allow transitions to the 22P3/2 manifold. Figure 1
shows the energy level diagram and the relevant transit
of a 7Li atom influenced by as1-polarized photon tuned to
the D1 transition.

The ortho and para composition and rotational state
tributions of Li2 are monitored by using the laser-induc
fluorescence~LIF! method, with a second tunable cw dy
-
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laser of 1 cm21 bandwidth propagating counter to the atom
pumping laser in the vapor cell. Molecular fluorescence fr
the A 1Su

1←X 1Sg
1 transition is detected by a phas

sensitive detector consisting of a monochromator-filter co
bination, a photomultiplier, and a lock-in amplifier.

III. RESULTS AND DISCUSSION

A small segment of the excitation spectrum of7Li2 is
recorded when either the static, applied magnetic field or
optical pumping laser or both are tuned off. This conditi
represents the absence of atomic orientation in the c
When the power of the optical pumping laser is not zero a
the applied field is tuned to 40 G, with its direction paral
to the optical pumping radiation, the same segment of
7Li 2 spectrum is scanned again. Figure 2 shows the res
for a segment composed mainly ofA 1Su

1(v52)
←X 1Sg

1(v50) transitions at an optical pumping las
power density of 36 mW/cm2. Some lines are blends of sev
eral transitions, but other lines give a clearly resolved m
sure of the concentrations of ortho-7Li2 and para-7Li2,
which accompany the atomic nuclear spin orientation.

Several features are immediately evident. Transitions
originate from evenJ rotational levels in the groundX 1Sg

1

state decrease in intensity upon production of the7Li atomic
nuclear orientation. These are para-7Li2 species having a to

FIG. 1. The energy level diagram of7Li including the spin-
orbital interaction~fine structure!, the interaction of the electron
with the atomic nucleus~hyperfine structure!, and the Zeeman ef-
fect. The arrows indicate the allowed transitionsDmF511 under a
s1-polarized excitation. The Zeeman splittings are calculated
an external field of 40 G. The graph is not drawn to scale.
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57 3755ORTHO-PARA SEPARATION OF MOLECULES USING . . .
tal nuclear spin ofT52 or 0, because the7Li nuclear spin is
I 53/2. Transitions that originate from ground state lev
with odd values ofJ retain nearly the same intensity in th
presence of the7Li nuclear orientation in the example show
in Fig. 2. These are ortho-7Li2 molecules having a tota
nuclear spin ofT53 or 1. The two spectral lines that ar
blends of transitions from ortho-7Li2 and para-7Li2 decrease
in intensity, because they are composed mainly of transiti
from para-7Li2 @P(18)(2-0) andP(20)(2-0)]. Theoverall
change in concentration of ortho-7Li2 and para-7Li2 can be
found by averaging the intensities of the completely resol
transitions from theX 1Sg

1 state of ortho-7Li2 and para-
7Li2, weighted by the proper line strength functions and
Boltzmann factor, although these corrections are negligib

Table I shows the effects of increasing power density
the optical pumping laser on severalA 1Su

1(v52)
←X 1Sg

1(v50) 7Li2 spectral line intensities, normalized t
zero laser power, the ortho-7Li2 and para-7Li2 concentration

FIG. 2. A segment of the7Li2, A1Su
1←X1Sg

1 laser-induced
fluorescence spectrum (A) in the absence of the7Li2 atomic spin
orientation and (B) in the presence of the7Li2 atomic spin orien-
tation at a laser power density of 30 mW/cm2, showing the change
in severalX1Sg

1 (v50) rotational level populations.
s

s

d

e
.
f

ratio, and the degree of spin orientationQ. The degree of
spin orientation, as defined in the Appendix, is determin
by atomic fluorescence intensities measured in the pres
and absence of the magnetic field. Here the normalized
tensity of a spectral line is

N

N0 [
FM~P!

FM~P50!

and the ortho-para concentration ratio is

K~ortho-para ratio![
@ortho-Li2#

@para-Li2#
,

where FM(P50) is the molecular fluorescence intensi
measured when there is no atomic orientation,FM(P) is the
molecular fluorescence intensity measured at the value o
laser power given byP, and@ortho-7Li2# and@para-7Li2# are
the concentrations of ortho-7Li2 and ortho-7Li2, respec-
tively.

The relative concentration of ortho-7Li2 to para-7Li2 in-
creases with the laser power, reaching a value of 5.17
power density of 75.4 mW/cm2, which represents an enrich
ment factor of 3 in the concentration of ortho-7Li2 compared
with its natural abundance. Figure 3 shows how the norm
ized intensities of the well-resolved7Li2 spectral lines de-
pend on the power of the optical pumping laser.

Equivalent experiments were performed on isotopica
pure 6Li2 molecules. TraceA in Fig. 4 shows a small seg
ment of the LIF spectrum of theA 1Su

1←X 1Sg
1 transition

of 6Li2 when there is no atomic orientation in the vapor ce
When the atomic orientation is produced in the cell, by ra
ating the A 1Su

1←X 1Sg
1 transition of 6Li2 with

2.5 mW/cm2 of laser power density, the LIF of the sam
segment of the6Li2 spectrum is scanned again to give t
results shown by traceB. These spectra consist primarily o
A 1Su

1(v51)←X 1Sg
1(v50) transitions. Again, some

spectral lines are blends of several transitions, but many t
sitions are clearly resolved and show the changes in pop
TABLE I. Effects of optical pumping laser power on changes in normalized intensities of several observedA1Su
1(v52)←X1Sg

1(v
50) 7Li2 spectral line intensities,N/N0, degree of spin orientation of atom7Li, Q, and composition change on ortho-7Li 2 and para-7Li 2

concentrations,K(ortho-para ratio).

Optical pumping
laser power
(1023 W/cm2)

Change in relative intensity (N/N0)

K(ortho-para ratio)
Para Ortho

Q R(26) R(24) P(21) R(25) P(19) R(23)

0.0 0.0 1.0 1.0 1.0 1.0 1.0 1.0 5/351.67
0.71 0.03 0.90 0.86 1.00 0.97 1.02 1.01 3.19
1.83 0.04 0.75 0.76 1.02 1.00 1.06 1.03 3.81
3.87 0.06 0.59 0.63 0.97 0.94 0.97 1.01 4.44
8.96 0.10 0.57 0.58 0.94 0.96 0.96 0.92 4.58

17.3 0.16 0.56 0.56 0.95 0.99 0.97 0.94 4.79
35.7 0.22 0.55 0.55 0.93 0.93 0.94 0.94 4.72
75.4 0.26 0.51 0.52 0.98 0.99 0.98 0.92 5.17
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tion of severalX 1Sg
1 rotational levels that accompany th

atomic orientation produced by an optical pumping laser
Transitions that originate from oddJ rotational levels in

the groundX 1Sg
1 state decrease in intensity on producti

of the 6Li atomic orientation. These are the para-6Li2 species
having a total nuclear spin ofT51, because the6Li nuclear
spin isI 51. Transitions that originate from ground state le
els with even values ofJ retain nearly the same intensity i
the presence of the Li atomic orientation as the exam
shown in Fig. 4. These are the para-6Li2 species having a
total nuclear spin ofT52 or 0. The spectral lines that ar
blends of transitions from both ortho and para states decr
in intensity. Table II shows the effects of increasing pow
density of the optical pumping laser on the relative inten

FIG. 3. Normalized intensitiesN/N0 for several completely re-
solved rotational lines in theA1Su

1(v52)←X1Sg
1(v50) transi-

tion for 7Li 2 as a function of laser power.

FIG. 4. A segment of the6Li2, A 1Su
1←X1Sg

1 laser-induced
fluorescence spectrum (A) in the absence of the6Li atomic spin
orientation and (B) in the presence of the6Li atomic spin orienta-
tion at a laser power density of 2.5 mW/cm2, showing the change in
severalX 1Sg

1(v50) rotational level populations.
-

le

se
r
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ties of observedA 1Su
1(v51)←X 1Sg

1(v50) 6Li2 spectral
linesN/N0 and composition changes in ortho-6Li2 and para-
6Li2 concentrationsK, as well as the degree of spin orient
tion Q upon optical pumping. Figure 5 shows the effects
optical pumping on the relative intensities of the observ
6Li2 lines.

The experimental results for7Li and 6Li are very similar.
In both cases, the para molecules exhibit a large shif
population with atomic orientation. In7Li, the para species
have even-numberedJ values, whereas in6Li, the para spe-
cies have odd-numberedJ values. These changes in th
ortho-para ratio represent a net composition change in
diatomic molecules in the vapor cell, with ortho species b
ing favored.

IV. MECHANISM

I propose a simple mechanism to explain the ortho-p
separation induced by the nuclear spin orientation of ato
The vapor composition in the lithium heat pipe is determin
by the following three processes:~i! formation of a lithium
dimer by atomic collisions,

Li1Li1M→
k1

Li 21M ; ~1!

~ii ! dissociation of Li2,

Li 21M→
k2

2Li1M ; ~2!

~iii ! atom exchange,

Li21Li 8→
k3

LiLi 81Li, ~3!

whereM is a third body that can be an atom of lithium o
helium buffer gas. The concentrations of lithium atoms a
molecules in the heat pipe are determined by the rate
atomic association (k1) and the rate of molecular dissocia
tion (k2). The exchange reaction does not influence the ov
all concentrations of atoms and molecules; however, it is
only pathway that accounts for the ortho-para separation
served in the experiments. The experiment results, indu
by an atomic electron and nuclear spin orientation, can
explained as the combined effect of~i! a decrease in molecu
lar density and~ii ! a shift in nuclear spin distribution.

A. Decrease in molecular density

The association of atoms to form dimers described by
~1! depends not only on the concentration of atoms but a
on the spin states of the unpaired electrons. Based on
relative spin orientation, the combination of two atoms giv
rise to two potential curves having total spin singlet a
triplet multiplicities, with the singlet being bonding and th
triplet antibonding. If the electron spins of the colliding pa
are antiparallel (S50), the collision will proceed along the
singlet bonding channel and a molecular formation can
cur, with a third bodyM carrying away energy. If the two
electrons spins are parallel (S51), the collision trajectory
follows a triplet antibonding curve and no molecular form
tion occurs. In fact, because two single-electron atoms
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TABLE II. Effects of optical pumping laser power on changes in normalized intensities of several observedA 1Su
1(v51)←X 1Sg

1(v
50) 6Li2 spectral line intensities,N/N0, degree of spin orientation of atom6Li, Q, and composition change on ortho-6Li 2 and para-6Li 2

concentrations,K(ortho-para ratio).

Optical pumping
laser power
(1023 W/cm2)

Change in relative intensity (N/N0)

K(ortho-para ratio)
Para Ortho

Q R(19) R(21) P(14) R(20) P(16) R(22)

0.0 0.0 1.0 1.0 1.0 1.0 1.0 1.0 2.0
0.255 0.005 0.900 0.880 0.995 0.996 0.995 0.993 2.24
0.509 0.01 0.732 0.709 0.965 0.937 0.924 0.986 2.65
1.019 0.02 0.578 0.609 0.932 0.911 0.860 0.860 3.00
1.81 0.10 0.525 0.520 0.838 0.930 0.897 0.867 3.38
2.55 0.16 0.487 0.430 0.896 0.859 0.840 0.870 3.78
4.28 0.20 0.450 0.440 0.961 1.016 1.018 0.884 4.36
5.45 0.23 0.420 0.390 0.954 0.987 0.921 0.824 4.55
7.13 0.27 0.390 0.410 0.916 1.031 0.930 0.898 4.72

10.19 0.26 0.435 0.370 0.937 1.006 1.036 0.978 4.92
15.28 0.31 0.390 0.395 0.882 1.007 1.046 0.901 4.89
25.46 0.33 0.380 0.450 0.885 1.006 0.964 0.923 4.55
40.74 0.34 0.438 0.387 0.959 0.916 0.947 0.983 4.61
53.99 0.34 0.398 0.392 0.908 1.000 1.088 0.913 4.95
66.21 0.35 0.420 0.380 1.067 1.045 1.000 1.100 5.27
86.58 0.35 0.370 0.293 1.065 1.089 0.999 1.135 6.48
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form three symmetric and one antisymmetric wave functi
only 25% of the Li-Li collisions have the proper spin r
quirements (S50) for molecular formation.

I limit this discussion to the experiment on7Li vapor and
assume that as1-polarized laser is being used. However, t
discussion and conclusions are also valid for experiment
6Li vapor and for as2-polarized laser.

The optical pumping produces7Li atoms in the specific
quantum state$F52, MF52, 22S1/2%. This means that both
the electron spin and the nuclear spin have been spin
ented with $s51/2,ms51/2% for the electrons and$I
53/2,mI53/2% for the nuclei. The bonding and antibondin
trajectories of two atoms are determined by the quan
states of their electron spins rather than by their nuc
spins, because the energy resulting from the coupling
nuclear spins is too weak to influence the bonding charac
of the two atoms.

FIG. 5. Normalized intensitiesN/N0 for several completely re-
solved rotational lines in theA 1Su

1(v51)←X 1Sg
1(v50) transi-

tion for 6Li 2 as a function of laser power.
,

n

ri-

m
r

of
rs

It is easy to show that, among the hyperfine statesMF

(MF52,1,0,21,22), the occurrence of hyperfine Zeema
states having electron spin projectionms51/2 is the same as
that for having electron spin projectionms521/2. Without
optical orientation, the atoms in the vapor are near-eve
populated in these hyperfine Zeeman levels designated
MF , and there are as many atoms withms51/2 as withms

521/2 in the vapor. The possibility of a collision betwee
an atom withms51/2 and one withms521/2 is at a maxi-
mum. With s1-polarized optical pumping, the$F52, MF

52% level is more densely populated than the other leve
The total number of atomic collisions with antiparallel ele
tron spins is then reduced, because the number of atoms
electron spin quantum numberms51/2 is greater than thos
with ms521/2. As a consequence, the total number of m
ecules in the vapor will decrease.

B. Shift in ortho and para distribution

Without atomic spin orientation, the7Li atoms are evenly
distributed among the hyperfine Zeeman levels of the gro
state as shown in Fig. 6 (A). Exchange collisions betwee
atoms and molecules do not influence the ortho- or pa
status of the molecules. The ortho-7Li2 has ten symmetric
nuclear spin wave functions with a total nuclear spin qu
tum numberT53 or 1, and the para-7Li2 has six antisym-
metric nuclear spin wave functions with a quantum num
T50 or 2. Therefore, each exchange collision will have
5/8 probability of producing an ortho-7Li2 and a 3/8 prob-
ability of producing a para-7Li2, resulting in a 5:3 equilib-
rium concentration ratio of ortho-7Li2 to para-7Li2.

When atomic spin orientation is established in the vap
7Li atoms are no longer distributed evenly among the hyp
fine Zeeman levels, but are preferentially populated in
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(F52,MF52) level of the 22S1/2 ground state@Fig. 6 (B)#.
This distribution can be characterized by a parameter,
degree of spin orientationQ, which is defined as~see the
Appendix!

Q[
na2^n~k21!&

N

with

^n~k21!&5

(
iÞa

ni

k21
and N5( ni , ~4!

wherena is the population of atoms in the (F52, MF52)
level, ni is population of atoms in thei th level,k is the total
number of energy levels in the ground state involved in
optical pumping transitions,̂n(k21)& is the average popula
tion of atoms over the (k21) hyperfine Zeeman levels from
which the atoms are being pumped, andN is the total popu-
lation of atoms in the ground state manifold.Q51 repre-
sents 100% spin orientation in which all atoms are in
(F52, MF52) level of the 22S1/2 ground state;Q50 rep-
resents atoms randomly populated among the magnetic
levels @13#. The Q value depends on the optical pumpin
efficiency and the rate of spin relaxation.

If the nuclear spin polarization is transferred from ato
to a molecule during the exchange collisions, the resul
molecule will have a total nuclear spin quantum numbeT
53, which is an ortho-7Li2. The T53 ~ortho! modification
of 7Li2 is favored at the expense of the other molecu
nuclear spin states, because the exchange reaction doe
influence the total number of molecules. The net result
conversion of para-7Li2 to ortho-7Li2. Therefore, the abun
dance of ortho-7Li2 is increased, accompanied by a decre
of para-7Li2. This is in agreement with our experiment
results.

For 6Li vapor, after optical pumping by as1-polarized
laser, the6Li atoms are spin oriented with a population co
centrated in the$F53/2,MF53/2, 22S1/2% ground state. If
the atomic nuclear spin orientation is transferred to the6Li2
molecule, the resultant6Li 2 molecule will have a total
nuclear spin quantum numberT52. This is also an ortho-
6Li2 but corresponds to states withevenrotational quantum

FIG. 6. Pictorial representations of atomic distribution (A) be-
fore and (B) after atomic optical pumping.
e

e

e

b-

s
nt

r
not
a

e

numberJ ~in contrast to ortho-7Li2, which corresponds to
odd J! because the nuclei of6Li are bosons while the nucle
of 7Li are fermions. Similar to the situation for7Li2, the net
result of optical pumping will be an increase in the intens
of transitions that originated from evenJ states.

Several theoretical studies discuss alkali-metal ato
molecule exchange reactions@14–16#. Whitehead@15# used
a classical trajectory calculation to show that the excha
reaction Li1Li2→Li21Li proceeds via a stable intermediat
Li 3, which has a potential well of depth that
8.30 kcal mol21 lower in energy than Li1Li2. The existence
of such a stable intermediate for this reaction likely gives r
to a long-lived collision complex at lower collisional ene
gies. At a collisional energy of 1 kcal mol21 ~equivalent to
the thermal energy at 503 K, the energy closest to the 62
of the present experiment!, the collisional cross section i
115 Å. The reaction proceeds along the potential-energy
face via a nonrigid, nonlinear complex that exists for seve
vibrational periods of the triatomic complex. At a collision
energy of 1 kcal mol21, the average lifetime of the Li3 com-
plex is 3.55 ps. With a vibrational period of 0.1 ps, the co
plex vibrates more than 35 times before it dissociates@15#.

The accuracy of this classical trajectory calculation is s
ported by the laterab initio calculation of the electronic
ground state of Li3 performed by Gerber and Schumach
@16#. From their calculation, the triangular geometry of t
complex has the optimum configuration for the lowest vib
tional state with a dissociation channel Li3→Li21Li that lies
3000 cm21 (8.57 kcal mol21) above the zero-point vibronic
level, which agrees quite well with the calculation of Whit
head (8.30 kcal mol21). These theoretical calculations a
further supported by the observation of a stable lithium
mer in an excited electronic state@17#.

In contrast to the fairly precise characterization of t
atom-molecule exchange reaction, there is a lack of theo
ical treatment of exchange reactions between oriented at
and molecules. In the following discussion, we propose
simple mechanism to describe how the Li2 molecule be-
comes oriented in theT53 (7Li2) or T52 (6Li2) nuclear
spin state after collision with spin oriented lithium atoms.

Although the general mechanism of the elementary re
tion studies involving altered electron configurations is co
plicated, the evolution of the nuclear~and electron! spins can
readily be described in terms of the spin conservation and
weakness of the spin-spin interaction. The characteristic
ergy shift caused by the nuclear spin-spin interaction~fine
structure in NMR spectra! is several hundred hertz, and th
caused by the electron-nuclear spin interaction~hyperfine! is
typically several hundred megahertz. From the uncerta
principle DEDt>h/2, one can find that the characterist
time of the nuclear spin-spin interaction is 1027 s, and that
of the electron-nuclear spin interaction is 10210 s. Moreover,
the classical trajectory calculation gives the lifetime of t
Li 3 intermediate transition state to be 10212 s @15#. Thus, the
spin projections of all nuclei would be conserved during t
exchange reaction, and a change in spin states of the Li a
and Li2 molecule can occur solely upon the transition of
nucleus from one collision partner to another.

When the transition complex Li3 decays, it can lose eithe
~a! the initial Li atom, which attacked the Li2 before the
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TABLE III. Probability distribution for product formation in the1H11H2→1H211H exchange reaction via a linear1H3 transition state.

Reactants

Products

a1aa a1(ab1ba) a1(ab2ba) b1aa a1bb b1(ab1ba) b1(ab2ba)

a1aa 1
a1(ab1ba) 3/8 3/8 1/4
a1(ab2ba) 3/8 3/8 1/4
a1bb 1/2 1/4 1/4
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complex formation, or~b! a different Li atom, which was
originally a component of Li2. For case~a!, no changes occu
in the spin states of the particles. However, in case~b!, the
nuclear spin orientation in the Li atom can be transferred
the molecule. Because the7Li2 has as many as 16 nucle
spin states~ 6Li 2 has 9!, quantitative calculations are tediou
The 1H11H2 exchange collision provides a simplified e
ample. The conclusion, however, can be applied to
present experimental results for7Li 2 and 6Li2.

The nuclear spin statesmI51/2 andmI521/2 for pro-
tons in 1H2 are referred to here asa andb, respectively. If
1H atoms are spin oriented in thea state, the following four
collisions occur:

a1aa,

a1~ab1ba!,

a1~ab2ba!,

a1bb.

Different configurations of the1H3 complex will give dif-
ferent reaction rates of exchange collisions, because
probability of detaching each atom is different. When t
complex has a linear configuration, the probability of rest
ing the initial state is 1/2. When the complex has a triangu
configuration, the probability is reduced to 1/3. The resu
are shown in Tables III and IV. Summation over each c
umn gives the probability of forming the1H2 molecule with
a specific total nuclear spin state. For the triangular comp
the probability distribution for each nuclear spin state is

aa:~ab1ba!:~ab2ba!:bb

55:3:3:1 for the 1stcollision,

aa:~ab1ba!:~ab2ba!:bb

521:7:7:1 for the 2ndcollision,
o

e

he

-
r
s
-

x,

aa:~ab1ba!:~ab2ba!:bb

577:15:15:1 for the 3rd collision,

aa:~ab1ba!:~ab2ba!:bb

5261:31:31:1 for the 4th collision.

These ratios clearly show that the total nuclear spin stat
T51 ~aa! of 1H2 is favored after the multiple exchang
collision. One expects corresponding conclusions for7Li2
and 6Li2.

V. FINAL REMARKS

Can this experimental methodology and the theoret
model be applied to other molecules? The answer is yes.
essence of this approach on ortho-para separation is to
establish the nuclear spin orientation in atoms, and then
transfer this orientation to molecules through multip
chemical exchange collisions, thus achieving ortho-p
separation in the molecules. To accomplish this, we m
establish a physical environment in which atoms and m
ecules coexist. At appropriate temperatures,7Li and 6Li
metal vapors represent such entities to us.

We can apply this methodology to other alkali-metal m
als, such as isotopes of Na, K, Rb, and Cs. Weber and S
observed the presence of nuclear spin polarization on23Na2
more than 20 years ago@18#. Using an approach identical t
that described here, I also observed an ortho over para
richment in 23Na2 @19#. Ortho-para separations can be pe
formed on other molecules. The homonuclear diatomic m
ecules and the symmetric top polyatomic molecules are
first categories within the immediate expansion. Amo
them, the simplest systems could be O2, S2, NH3, halogen
dimers, and CH3X, whereX is an atom or a function group

For these molecules, more efforts are needed to incre
the atomic species to concentrations higher than thos
their thermal equilibrium conditions. In the afterglows of m
TABLE IV. Probability distribution for product formation in the1H11H2→1H211H exchange reaction via a triangular1H3 transition
state.

Reactants

Products

a1aa a1(ab1ba) a1(ab2ba) b1aa a1bb b1(ab1ba) b1(ab2ba)

a1aa 1
a1(ab1ba) 1/3 1/3 1/3
a1(ab2ba) 1/3 1/3 1/3
a1bb 1/3 1/3 1/3
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crowave discharge, the concentrations of O, S, and halo
atoms were as high as 1–5 % of the total concentration
their parent molecules@20#. Using selective photodissocia
tion via predissociate states would very likely increase
concentration of atoms. For example, with irradiation by a
light source at an energy above 175 nm, an O2 molecule
readily dissociates into a metastable O~1D! atom and a
ground state O~3P! atom via the Schumann-Runge co
tinuum, and the former then relaxes to the ground state.

Over the past decade, much interest has been focuse
using lasers to selectively modify chemical species and
create new technological processes at the atomic and
lecular level. These modifications and creations could no
achieved using a conventional methodology that operate
thermal equilibrium conditions. The technique described
this work represents a unique approach to these probl
with definitive results.
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APPENDIX

This appendix derives the degree of spin orientation,Q,
and gives its expressions with quantities measured by
commonly used experimental techniques: atomic fluor
cence intensity measurement by LIF and laser transmis
intensity measurement by absorption spectroscopy. The
sumptions used in deriving these expressions are easily
isfied experimentally.

Conventionally, the atom-molecule mixture governed
processes described in Eqs.~1!–~3! is characterized by an
equilibrium constantKeq,

Keq~T![
k1

k2
5

@Li2#

@Li #2 . ~A1!

However, based on the spin multiplicity and bonding v
sus antibonding nature of molecular potential, Eq.~A1! must
be rewritten with the proper electron spin characteristics.
simplicity, first consider an ideal atom (X) –molecule (X2)
system in which the nuclear spin quantum numberI equals
zero. The equilibrium constant can be written as

Keq8 ~T!5
@X2#

@Xup#@Xdown#
or @X2#5Keq8 ~T!@Xup#@Xdown#.

~A2!

Without spin orientation, the atom-molecule system h
an isotropic spin distribution: the number of atoms with sp
‘‘up’’ ( ms51/2) equals the number of atoms with sp
‘‘down’’ ( ms521/2), i.e., @Xup#5@Xdown#51/2@X#. The
equilibrium constantKeq8 (T) expressed by Eq.~A2! is four
times greater thanKeq defined by Eq.~A1! for the case of
isotropic spin orientation. When the optical pumping lase
turned on, the isotropy of the electron spin distribution
destroyed, with more atoms having spin ‘‘up’’~for the
en
of

e
v

on
to
o-
e
at
n

s

l
. I

-

o
s-
on
s-
at-

y

-

r

s

s

s1-polarized laser! or more atoms having spin ‘‘down’’~for
the s2-polarized laser!. If we define the degree of spin ori
entation,q, as

q[
@Xup#2@Xdown#

@Xup#1@Xdown#

with

@Xup#1@Xdown#5@X#, ~A3!

we can reexpress Eq.~A2! in terms ofq:

@X2#5Keq8 ~T,q50!
@X#

2
~11q!

@X#

2
~12q!

5Keq8 ~T,q50!@Xup~q50!#@Xdown~q50!#~12q2!.

~A4!

The molecular density in the atom-molecule system is
creased ifq is greater than zero. For complete spin orien
tion, q51, @X2#50. The physical meaning is quite straigh
forward: without a spin orientation, the collisions between
atom with spin ‘‘up’’ and an atom with spin ‘‘down’’ are a
a maximum value because there are as many atoms
ms51/2 as there are withmS521/2; whenq is greater than
zero, more atoms are in thems51/2 state than in thems
521/2 state, or vice versa. The possibility increases for
atom to collide with another atom with the same spin st
~triplet state formation!. The possibility of forming a stable
~singlet state! molecule, therefore, decreases.

The nuclear spinI is often not zero. For alkali-metal at
oms, the nuclear spin angular momentum is coupled w
electron spin angular momentum, forming hyperfine str
tures. Under an external magnetic field, the hyperfine lev
are further split into hyperfine Zeeman levels, as shown
Fig. 1. Equation~A4! was first derived by Kastler to describ
the electron spin orientation on a virtual alkali-metal ato
without nuclear spin@13#. However, all alkali-metal atoms
and most of the other elements have nonzero nuclear
angular momentaI , which will couple to electron spinsS to
form hyperfine structure described by the total spin quant
numberF.

Therefore, Eqs.~A3! and ~A4! and the definitions of
‘‘ Xup’’ and ‘‘ Xdown’’ do not have valid meaning for atom
with IÞ0. The more general form of the degree of spin o
entation takes the form

Q[
na2^n~k21!&

N
~A5!

with

^n~k21!&5
( iÞani

k21
and N5( ni ,

wherena is the number of atoms in the hyperfine Zeem
level into which the atoms are being pumped,ni is the num-
ber of atoms in thei th hyperfine Zeeman level,k is the total
number of Zeeman levels involved in the optical pumpi
transitions,̂ n(k21)& is the average number of atoms over t
(k21) hyperfine Zeeman levels from which the atoms a
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being pumped, andN is the total number of atoms in th
ground state manifold. With the definition of the degree
spin orientationQ by Eq.~A5!, Eqs.~A3! and~A4! keep the
same form when ‘‘q’’ is replaced by ‘‘Q’’ and with the
understanding thatXup represents atoms having electron sp
mS51/2 ~electron spin ‘‘up’’! and Xdown represents atom
having electron spinmS521/2 ~electron spin ‘‘down’’!, re-
gardless of their nuclear spin quantum numbers. The qua
Q defined by Eq.~A5! has a clear physical meaning and
experimentally measurable. It also takes Eq.~A4! as a spe-
cial case when the nuclear spinI 50.

The degree of spin orientationQ can be determined by
measuring atomic fluorescence intensities induced by ato
pumping laser. Under the assumption of low intensity of e
citation, N is constant during the optical pumping proce
i.e.,

(
iÞa

ni1na5N. ~A6!

Equation~A5! becomes

Q5
~k21!N2k( iÞani

~k21!N
.

Let ^nk(Q50)& represent the average population of thek
Zeeman levels of the ground state when the optical pump
is off

^nk~Q50!&k5N, ~A7!

Q then becomes

Q5
~k21!^nk~Q50!&2( iÞani~Q!

~k21!^nk~Q50!&
. ~A8!

If the ground state Zeeman levels are evenly popula
when optical pumping is off, i.e.,

~k21!^nk~Q50!&5(
iÞa

ni~Q50!,

we have

Q5
( iÞani~Q50!2( iÞani~Q!

( iÞani~Q50!
. ~A9!

Because the fluorescence intensityI F is proportional to the
population in the ground state, the degree of spin orienta
Q can be finally expressed as

Q5
I F~Q50!2I F~Q!

I F~Q50!
. ~A10!
el
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The degree of spin orientationQ can also be determine
by measuring transmitted optical pumping laser intensitiesI T
when optical pumping is turned on and off, respective
Under the assumption of a weak radiation field, the abso
tion coefficienta of the sample is constant. The transmitt
beam intensity is given by the Lambert-Beer law

I T~Q!5I 0e2^a~Q!&L, ~A11!

with L being the absorption path length and^a~Q!& the av-
erage absorption coefficient overL. Because the atomic tran
sition used for optical pumping is usually in the uv or visib
region, the population in the excited state is much lower th
that of the ground state due to the short lifetime of the up
state. The absorption coefficienta can be expressed in term
of absorption cross section and population in ground stat

a5s(
iÞa

n. ~A12!

From Eq.~A9!, ( iÞan can be rewritten as

(
iÞa

n~Q!5S (
iÞa

n~Q! D ~12Q!

5~k21!^n~k21!~Q50!&~12Q!. ~A13!

Combining Eqs.~A11!–~A13!, we have

I T~Q50!5I 0 exp@2^s&~k21!^n~k21!~Q50!&L#
~A14!

when optical pumping is off, and

I T~Q!5I 0 exp@2^s&~k21!^n~k21!~Q50!&~12Q!L#
~A15!

when optical pumping is on.
Taking logarithms of Eqs.~A14! and~A15!, and dividing

Eq. ~A15! by Eq. ~A14!, we have

lnF I T~Q!

I 0
G

lnF I T~Q50!

I 0
G 5~12Q!. ~A16!

Therefore,Q can be determined from the signal intensities
transmitted optical pumping laser as

Q512

lnF I T~Q!

I 0
G

lnF I T~Q50!

I 0
G . ~A17!
m.
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