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Ortho-para separation of molecules using optical orientation of atoms in hyperfine Zeeman states
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Ortho-para separations 6f.i, and ®Li, 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 moleculssch as Hand D,), 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 6f10 mW/cn? can increase the amount of ortho-components by a factor
of 2 for “Li, vapor and by a factor of 3 fotLi, 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 effedt)cd decrease in molecular density due to the
electron spin orientation angi) a transfer of nuclear spin momenta from oriented atoms to molecules. The
exchange reaction, LiLi,—Lis—Li’Li+Li, 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 predict¢81050-294{®8)02205-7

PACS numbg(s): 33.25:+k, 33.15.Pw, 33.20.Bx

[. INTRODUCTION Obviously, this method cannot be applied to the rest of
the homonuclear diatomic molecules, because of the smaller

The ortho and para forms of homonuclear diatomic mol-rotational energy spacing between the two forms resulting
ecules and molecules with a nuclear exchange symmetry aféom increased molecular weights. For example, the energy
intrinsic properties originating from wave functions of their Separation between the lowest state of pérg-and the low-
nuclear spin states. The requirement that the overall moleciest state of orthdLi, has a temperature equivalent of less
lar wave function be symmetric or antisymmetric with re-than 2 K, and this separation is merely 0.1 K i#1,, a
spect to the exchange of two or more identical nuclei restrictéemperature well below the freezing point of these elements.
the rovibrational states that each form can hatg The Many alternative methods have been suggested and at-
ortho- and para-molecules each occupy rovibrational energiempted without succesd,5].
levels that differ from each other by one rotational quantum Here, | report a method for obtaining a very large degree
number. Generally, the two forms mix together and reach aef ortho and para separation of homonuclear diatomic mol-
equilibrium composition determined by the number ofecules. The effectiveness of this method was demonstrated in
nuclear spin wave functions each form has. At extremely lonexperiments performed on isotopically pufei, and °Li,
temperatures, the occupation of each form is also influencetholecules, in which the concentrations of orthd-, and
by the thermal statistical weight that influences the populaertho-®Li, were increased by a factor of 2 and 3, respectively
tion of the lowest rovibrational energy levels. [6-8]. | achieved separation in two stefs: by establishing

Ortho-para separation, or the shift of molecules from theira nuclear spin orientation in atoms afit) by transferring
thermal equilibrium values, has long been sought because tfie nuclear spin orientation to molecules through atom ex-
important applications in fundamental studigsuch as change collisions. The orientation of nuclear spin in the at-
nuclear spin relaxation and ortho-para transitiand in  oms was achieved by optical pumping within hyperfine Zee-
practical applicationgsuch as recent work on the magnetic man states. | have achieved over 50% efficiency of such
resonance image of lungf2]. However, separation of any atomic orientation into a single nuclear spin state for both
molecule other than Hor D, in which the ratio of the con- ’Li and ®Li atomic vapors[6]. Happer[9] reported that a
centrations of the different nuclear spin symmetry species i400% spin orientation in Na atoms was achieved using a
different from the high-temperature equilibrium value hassophisticated cell coating technique to minimize spin relax-
not been reporteff]. ation from collisions with cell walls.

The separation of Hor D, was achieved over several
months by cryogenic cooling, taking advantage of the large
energy separation between the lowest states of the two forms
[4]. For example, the lowest state of para-ld separated The experimental arrangement was described previously
from the lowest state of ortho-Hby a rotational energy [6,7]. The diatomic molecules were generated in a stainless-
equivalent of 175 K (122 cm), allowing enrichment of steel pipe cross charged with isotopically pufiei or °Li
para-H at low temperature; the parayidan then be warmed and He buffer gas. The buffer gas protects the nuclear spin
up without a change of nuclear spin state. oriented atom from diffusing to the walls of the vapor cell

Il. EXPERIMENTAL PROCEDURES
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(where the spin orientation can be destroyed at high effi- 22p3/2
ciency before colliding with a molecule. The experiments Ik Sty —
were performed between 550 and 650 K for bdth and / Me
®Li, with buffer pressures of 200 torr fofLi and 50 torr for 2 / 4 2
SLi. Vapor pressures of Li and hiwere 1.9810 7 to ALl W J 9:34MHz
3.66x 10 ° torr and 9. 10 ' to 1.98< 10 8 torr, respec- \ 2,—¥F%: 0
tively, at the above heating temperatuf8]. A steady mag- N (/3B _‘2'
netic field of 40 G was applied to the cell with a pair of 2\2];_& "[

12-in.-diam Helmholtz coils. This field was of sufficient /2
magnitude to overcome disorientation effects due to stray,
time-dependent magnetic fields, and it produced a splitting of
28 MHz between hyperfine Zeeman states of the ground state
22S,,, and a splitting of 9.34 MHz between the hyperfine
Zeeman states of the?P,,, excited stat¢6,11].

Without the steady applied magnetic field, nuclear spin
orientation could not be produced. The nuclear spin polariza-
tion of “Li or °Li atoms is produced with a circularly polar-
ized, single mode cw dye laser tuned to fbe resonance
transition (2°P,,—22S;,,) at 670.79 nm, propagating
through the cell parallel to the magnetic fidlf,11]. The
laser linewidth was not determined, but was estimated to be _, o2g \
~10 MHz according to the manufacturer. With a beam di- 2°S - "2<i-—--1-—‘
ameter of 5 mm and a typical output power of 10 mW, the \ T
laser power density used in the experiment is about 1, 502.19MH:z

v

50 mW/cnt. In the ground state, orientation consists of a \ 1 y

\

670.768nm

\

=1
preferred population of one of the magnetic sublevels with P 27;'99 MHz o

either maximumM ¢ (if the direction of circular polarization ™ !

is along the direction of the magnetic figlor minimumM ¢ _ o ) _

(if the direction of circular polarization is counter to the di- /G- 1. The energy level diagram dii including the spin-
rection of the magnetic fie)d6]. The preferred population at or_bltal mterac_tlon(flne structur_Q the interaction of the electron
a singleM; level is due to the transition selection rule of With the atomic nucleughyperfine structurg and the Zeeman ef-

AMg=+1, under the excitation of & " -polarized photon, feft. The_arrows ipdi_cate the allowed trans_iti_(mm,::+l under a
or AM==—1. under the excitation of a -polarized pho- -polarized excitation. The Zeeman splittings are calculated for
ton F ' P P an external field of 40 G. The graph is not drawn to scale.

Atoms in all the hyperfine Zeeman levels belonging to the . , , ,
225, ,, state can be excited to theé?R,,, excited statexcept laser of 1 cm™ bandwidth propagating counter to the atomic
for atoms in the maximunMg level (F=2,M =2) for  PUMpPINg laser in the vapor cell. Molecular fluorescence from

' 1g+ 1y + it i
o -polarized photon excitation or atoms in the minimumthe A "2, —X "%y transition is detected by a phase-
M level (F=2,Mg=—2) for o -polarized photon excita- sensitive detector consisting of a monochromator-filter com-
tion. Atoms in the 2P,,, excited state can, however, spon- Pination, a photomultiplier, and a lock-in amplifier.
taneously radiate tall levels of the 2S,;, ground state and
be reexcited by the laser, ultimately producing atomic orien- Il. RESULTS AND DISCUSSION
tation in the single hyperfine Zeeman levef,£2, M=2) o o
or (F=2,Mg=—2). The hyperfine Zeeman transitions can A small segment of the excitation spectrum i, is
be pumped at a single laser wavelength because the Spacip@:prded whgn either the static, applied magnetl_c field or the
(37.33 MH2 between the spectral lines of the allowed hy- OPtical pumping laser or both are tuned off. This condition
perfine Zeeman states transitions under e profile is  represents the absence of atomic orientation in the cell.
much smaller than the line broadenitg few GH2 at cell ~ When the power of the optical pumping laser is not zero and
pressures of 50—200 toft2]. the applied field is tuned to 40 G, with its direction parallel

The laser frequency is carefully tuned to avoid inducingl® the optical pumping radiation, the same segment of the
atomic transitions to the 2P, manifold, which is located Liz Spectrum is scanned again. Figure 2 shlovzs the results
9.28 GHz above the 2P, manifold. Atomic orientation for a ,segment composed mainly oA "X (v=2)
cannot be achieved with B, transition (2°Pg—22S;), <X Xg(v=0) transitions at an optical pumping laser
becauseall hyperfine Zeeman levels in the?8,,, ground  power density of 36 mW/cfa Some lines are blends of sev-
state allow transitions to the %P5, manifold. Figure 1 eral transitions, but other lines give a clearly resolved mea-
shows the energy level diagram and the relevant transitionsure of the concentrations of orth , ‘and para?LiZ
of a ’Li atom influenced by ar*-polarized photon tuned to Wwhich accompany the atomic nuclear spin orientation.
the D, transition. Several features are immediately evident. Transitions that

The ortho and para composition and rotational state diseriginate from everJ rotational levels in the grouni 12;
tributions of Li, are monitored by using the laser-induced state decrease in intensity upon production of theatomic
fluorescenceLIF) method, with a second tunable cw dye nuclear orientation. These are pdia-, species having a to-
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1.0 ratio, and the degree of spin orientatiéh The degree of
ruspeo | B spin orientation, as defined in the Appendix, is determined

R(44),P(39) . . .. .
by atomic fluorescence intensities measured in the presence

(3-0)
3-0) P{20)2-0)
08k P(18)(2-0)

PUS) P2y | k and absence of the magnetic field. Here the normalized in-
[ re3) R(Z‘(;?'O) R(zs()z 7 (o0 1 tensity of a spectral line is
06k &9 (2-0)/ (2-0)/ i R(24) {*‘_25,’ fézg)) |

B {2-0) 2
\F;?;’\ | \\ | N Fu(P)

04+ -+ R{26) b NT: Fu(P=0)
(2-0)

Relative Intensity

and the ortho-para concentration ratio is

T Z .

L L S A L R A S A K(ortho-para ratip= ——,
14440 14430 14420 14440 14430 14420 ( P b= [ para-Lb]

-1
Frequency (cm )
where Fy(P=0) is the molecular fluorescence intensity
FIG. 2. A segment of thé'Li, A'S;—X'Sg laser-induced measured when there is no atomic orientatieg(P) is the
fluorescence spectrunA] in the absence of théuz atomic spin  molecular fluorescence intensity measured at the value of the

ori_entation and B) in the presence of théLi, atomic spin orien-  |3ser power given by, and[orth0-7Li2] and[para-7Li2] are
tation at a laser power density of 30 mW/&nshowing the change the concentrations of ortha-_iz and ortho-7Li2, respec-
in severalX'X; (v=0) rotational level populations. tively

The relative concentration of orthti-i, to para”Li, in-

tal nuclear spin off =2 or 0, because théLi nuclear spinis  creases with the laser power, reaching a value of 5.17 at a
| =3/2. Transitions that originate from ground state levelspower density of 75.4 mW/cfn which represents an enrich-
with odd values of] retain nearly the same intensity in the ment factor of 3 in the concentration of ortHai, compared
presence of théLi nuclear orientation in the example shown with its natural abundance. Figure 3 shows how the normal-
in Fig. 2. These are orthéLi, molecules having a total ized intensities of the well-resolvedLi, spectral lines de-
nuclear spin ofT=3 or 1. The two spectral lines that are pend on the power of the optical pumping laser.
blends of transitions from orthékLi, and paralLi, decrease Equivalent experiments were performed on isotopically
in intensity, because they are composed mainly of transitionpure 6Li, molecules. Trace in Fig. 4 shows a small seg-
from para/Li, [P(18)(2-0) andP(20)(2-0)]. Theoverall ~ ment of the LIF spectrum of tha 'S« X '3 | transition
change in concentration of orthd-i, and para’Li, can be  of SLi, when there is no atomic orientation in the vapor cell.
found by averaging the intensities of the completely resolvedVhen the atomic orientation is produced in the cell, by radi-
transitions from thexX 'S state of orthoLi, and para- ating the A'Sf—X 'S transition of SLi, with
"Li,, weighted by the proper line strength functions and the2.5 mWi/cn? of laser power density, the LIF of the same
Boltzmann factor, although these corrections are negligiblesegment of the’Li, spectrum is scanned again to give the

Table | shows the effects of increasing power density ofresults shown by tracB. These spectra consist primarily of
the optical pumping laser on severah 'S (v=2) A3 (v=1)—X'3;(v=0) transitions. Again, some
—X 12;(11:0) ’Li, spectral line intensities, normalized to spectral lines are blends of several transitions, but many tran-
zero laser power, the orthtk-i, and para’Li, concentration  sitions are clearly resolved and show the changes in popula-

TABLE |. Effects of optical pumping laser power on changes in normalized intensities of several obséE/§®=2)HX12g+(v

=0) Li, spectral line intensitied\/N°, degree of spin orientation of atofiLi, ®, and composition change on ortfibi, and paralLi,
concentrationsk (ortho-para ratio).

Change in relative intensityN/N°)
Optical pumping

laser power Para Ortho
(1072 Wicn?) 0 R(26) R(24) P(21) R(25) P(19) R(23) K (ortho-para ratio)
0.0 0.0 1.0 1.0 1.0 1.0 1.0 1.0 543.67
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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1.2 ties of observed\ '3 (v=1)—X '3 (v=0) SLi, spectral
1.0 1 gk'é‘ . % linesN/N° and composition changes in ortlfbi, and para-
0.8 —— 8Li, concentration¥, as well as the degree of spin orienta-
o _._R§24§ tion ® upon optical pumping. Figure 5 shows the effects of
£ 064 C-e—¢ . —O—P(@1) optical pumping on the relative intensities of the observed
pd . S—— B S TP 1) 61: I
0.4 1 —m—P(19) Li; lines. _ ' . o
1 —A—R(23) The experimental results fdiLi and 5Li are very similar.
0-2- In both cases, the para molecules exhibit a large shift in
0.0 +——r——m—r— 11—+ population with atomic orientation. IALi, the para species
0 10 20 30 40 50 60 70 80 have even-numberetlvalues, whereas ifiLi, the para spe-
Laser Power (10" W/cm?) cies have odd-numbered values. These changes in the

ortho-para ratio represent a net composition change in the
FIG. 3. Normalized intensitiel/N° for several completely re-  diatomic molecules in the vapor cell, with ortho species be-
solved rotational lines in thé!s* (v—2)<—X12 (v=0) transi- ing favored.
tion for “Li, as a function of Iaser power.

IV. MECHANISM
tion of severalX 13 rotational levels that accompany the
atomic orientation produced by an optical pumping laser.

Transitions that originate from oddl rotational levels in
the groundX 12* state decrease in intensity on production
of the 8Li atom|c orientation. These are the pditiai, species
having a total nuclear spin &= 1, because théLi nuclear
spin isl = 1. Transitions that originate from ground state lev- kq
els with even values af retain nearly the same intensity in Li+Li+M—Li,+M; (1)
the presence of the Li atomic orientation as the example
shown in Fig. 4. These are the pdtai, species having a (i) dissociation of Lj,
total nuclear spin off=2 or 0. The spectral lines that are Ky
blends of transitions from both ortho and para states decrease Liy+ M—2Li+M:; %)
in intensity. Table Il shows the effects of increasing power
density of the optical pumping laser on the relative intensi-ijj) atom exchange,

| propose a simple mechanism to explain the ortho-para
separation induced by the nuclear spin orientation of atoms.
The vapor composition in the lithium heat pipe is determined
by the following three processe§) formation of a lithium
dimer by atomic collisions,

k3

1.0 Li,+Li’—LiLi ' +Li, )

A P(IS),R(42) B
{1=0) (2-0)

whereM is a third body that can be an atom of lithium or
o8l ‘(*,93; 1 | helium buffer gas. The concentrations of lithium atoms and

rn | Pu2 molecules in the heat pipe are determined by the rate of

L a-olf| -% 1 P(IS),R(42) | atomic associationk(;) and the rate of molecular dissocia-

N f‘,‘;"g}) pue 0! 20 tion (k,). The exchange reaction does not influence the over-
/

H 1 -0} fp(20) /z‘_‘g; all concentrations of atoms and molecules; however, it is the

o
(o2}
T

R(22)

r(22) rz2) | | (0 only pathway that accounts for the ortho-para separation ob-

] served in the experiments. The experiment results, induced
A e by an atomic electron and nuclear spin orientation, can be
explained as the combined effect(©fa decrease in molecu-
lar density andii) a shift in nuclear spin distribution.

Relative Intensity
o
~
T
]
]
|

A. Decrease in molecular density

The association of atoms to form dimers described by Eq.
I 1 U ] (1) depends not only on the concentration of atoms but also
J U N b on the spin states of the unpaired electrons. Based on their
00k lj 1 relative spin orientation, the combination of two atoms gives
— T T T T T rise to two potential curves having total spin singlet and
14160 14200 14240 14160 14200 14240 triplet multiplicities, with the singlet being bonding and the
- triplet antibonding. If the electron spins of the colliding pair
Frequency (cm ) are antiparallel $=0), the collision will proceed along the
FIG. 4. A segment of thélLi, A 1S+ X!S* laser-induced singlet bonding channel and a molecular formation can oc-
fluorescence spectrunAf in the absence of tthl atomic spin  cur, with a third bodyM carrying away energy. If the two
orientation and B) in the presence of th&Li atomic spin orienta-  €lectrons spins are paralleb€ 1), the collision trajectory
tion at a laser power density of 2.5 mW/gnshowing the change in  follows a triplet antibonding curve and no molecular forma-
severalX 1Eg*(u=0) rotational level populations. tion occurs. In fact, because two single-electron atoms can
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TABLE Il. Effects of optical pumping laser power on changes in normalized intensities of several obset¥edv =1)«X 12;(11

=0) 5Li, spectral line intensitied\/N°, degree of spin orientation of atofiLi, ®, and composition change on ortfbi, and paradlLi,
concentrationsK (ortho-para ratio).

Change in relative intensityN/N°)
Optical pumping

laser power Para Ortho
(103 Wien?) 0 R(19) R(21) P(14) R(20) P(16) R(22) K (ortho-para ratio)
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 0.824 455
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

form three symmetric and one antisymmetric wave function, It is easy to show that, among the hyperfine stdihs
only 25% of the Li-Li collisions have the proper spin re- (Mg=2,1,0,-1,—2), the occurrence of hyperfine Zeeman
quirements $=0) for molecular formation. states having electron spin projectiog=1/2 is the same as

| limit this discussion to the experiment dii vapor and  that for having electron spin projectiong= — 1/2. Without
assume that a ™ -polarized laser is being used. However, theoptical orientation, the atoms in the vapor are near-evenly
discussion and conclusions are also valid for experiments opopulated in these hyperfine Zeeman levels designated by
®Li vapor and for as~-polarized laser. Mg, and there are as many atoms with=1/2 as withm,

The optical pumping produce&Li atoms in the specific = _1/2 in the vapor. The possibility of a collision between
quantum stat¢F =2, M =2, 2S5} This means that both 4 atom withm,=1/2 and one witim=—1/2 is at a maxi-
the electron spin and the nuclear spin have been spin orfyum. With o*-polarized optical pumping, théF =2, My

En;jg Wi_th /{Zs=f 1/2r']m52 1|/2.} Tfr?r ;hed_electrc()jns %nd{:j_ =2} level is more densely populated than the other levels.
=3/2,m, =3/2} for the nuclei. The bonding and antibonding The total number of atomic collisions with antiparallel elec-

trajectories OT two atoms are determined by the. quantunPron spins is then reduced, because the number of atoms with
states of their electron spins rather than by their nuclear lectron spin quantum number,= 1/2 is greater than those
=

spins, because the energy resulting from the coupling of s o
nuclear spins is too weak to influence the bonding characte ith M= 2. As a consequence, the total number of mol-
ecules in the vapor will decrease.

of the two atoms.

B. Shift in ortho and para distribution

12 | A Without atomic spin orientation, théLi atoms are evenly
—W R .
1.0 /g%éé% A distributed among the hyperfine Zeeman levels of the ground
0.8 :3:;;’: state as shown in Fig. 6A). Exchange collisions between
. ] —m—P(14) atoms and molecules do not influence the ortho- or para-
Z 061 ' :E:g((fg)) status of the molecules. The ortdat, has ten symmetric
Z 04 So—9—<8—0o—8—_ |4Re nuclear spin wave functions with a to_tal nuclgar spin quan-
. I tum numberT=3 or 1, and the pardLi, has six antisym-
02 metric nuclear spin wave functions with a quantum number
0.0 r-—+—r—r——1"———1— T=0 or 2. Therefore, each exchange collision will have a
0 10 20 30 40 50 60 70 80 90 5/8 probability of producing an orthéki, and a 3/8 prob-

ability of producing a parddii,, resulting in a 5:3 equilib-
rium concentration ratio of orthdLi, to para”Li,.

FIG. 5. Normalized intensitiell/N° for several completely re- When atomic spin orientation is established in the vapor,
solved rotational lines in th& X [ (v=1)—X '3 (v=0) transi- ’Li atoms are no longer distributed evenly among the hyper-
tion for 6Li, as a function of laser power. fine Zeeman levels, but are preferentially populated in the

Laser Power (10" W/cm?)
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Me Me numberJ (in contrast to orthoLi,, which corresponds to
©=0 (00— 2 ©=05 —QQMQ 2 odd J) because the nuclei diLi are bosons while the nuclei
F=2 m_ 1 F=2 _co— 1 of ’Li are fermions. Similar to the situation fdiLi,, the net
_(_cxxp_ 0 H—QQ—————— 0 result of optical pumping will be an increase in the intensity
\;\_cxm_ -1 e o EE—— of transitions that originated from evehstates.
281,2/ Q000 . 2 281 i Several theoretical studies discuss alkali-metal atom-
'ﬁ\_ ﬁ\‘ molecule exchange reactiohs4—16. Whitehead 15] used
§ | a classical trajectory calculation to show that the exchange
i A0 4 ~~e reaction Li+-Li,—Li,+Li proceeds via a stable intermediate,
=1 0000 1 oo 0 Lis, which has a potential well of depth that is
hoo0o oo 8.30 kcal mol'! lower in energy than LtLi,. The existence
of such a stable intermediate for this reaction likely gives rise
A B to a long-lived collision complex at lower collisional ener-

gies. At a collisional energy of 1 kcal mdi (equivalent to
FIG. 6. Pictorial representations of atomic distributiok) (be-  the thermal energy at 503 K, the energy closest to the 623 K
fore and @) after atomic optical pumping. of the present experimentthe collisional cross section is

(F=2Mg=2) level of the 2S,,, ground statéFig. 6 (B)]. 115 A. The reaction proceeds along the potential-energy sur-

This distribution can be characterized by a parameter, th ace \{ia a non_rigid, nonline_ar C°'f“p'ex that exists for.s.everal
degree of spin orientatio®, which is defined agsee the vibrational periods 01; the triatomic cpmplex. Ata cqlhsmnal
Appendi energy of 1 kcal m_o1 , th_e average Ilft_atlme of the L icom-
plex is 3.55 ps. With a vibrational period of 0.1 ps, the com-
na—<n(k‘1)> plex vibrates more than 35 times before it dissociflés.
- N The accuracy of this classical trajectory calculation is sup-
ported by the latemb initio calculation of the electronic
with ground state of Ly performed by Gerber and Schumacher
[16]. From their calculation, the triangular geometry of the
2 n; complex has the optimum configuration for the lowest vibra-
iza tional state with a dissociation channeltilLi,+Li that lies
—1 and N=2 nj, (4) 3000 cn? (8.57 keal mofY) above the zero-point vibronic
level, which agrees quite well with the calculation of White-
wheren, is the population of atoms in th&=E2, M =2) head (8.30 kcal molt). These theoretical calculations are
level, n; is population of atoms in thith level, k is the total  further supported by the observation of a stable lithium tri-
number of energy levels in the ground state involved in themer in an excited electronic staf&7].
optical pumping transitiongn*~ 1)) is the average popula- In contrast to the fairly precise characterization of the
tion of atoms over thek— 1) hyperfine Zeeman levels from atom-molecule exchange reaction, there is a lack of theoret-
which the atoms are being pumped, avds the total popu- ical treatment of exchange reactions between oriented atoms
lation of atoms in the ground state manifold.=1 repre- and molecules. In the following discussion, we propose a
sents 100% spin orientation in which all atoms are in thesimple mechanism to describe how the, Iholecule be-
(F=2,Mg=2) level of the 2S,,, ground state@ =0 rep- comes oriented in th&=3 ("Li,) or T=2 (bLi,) nuclear
resents atoms randomly populated among the magnetic subpin state after collision with spin oriented lithium atoms.
levels[13]. The ® value depends on the optical pumping  Although the general mechanism of the elementary reac-
efficiency and the rate of spin relaxation. tion studies involving altered electron configurations is com-
If the nuclear spin polarization is transferred from atomsplicated, the evolution of the nucle@nd electropspins can
to a molecule during the exchange collisions, the resultanteadily be described in terms of the spin conservation and the
molecule will have a total nuclear spin qguantum number weakness of the spin-spin interaction. The characteristic en-
=3, which is an ortho’Li,. The T=3 (ortho) modification  ergy shift caused by the nuclear spin-spin interactifime
of ’Li, is favored at the expense of the other molecularstructure in NMR spectyas several hundred hertz, and that
nuclear spin states, because the exchange reaction does watised by the electron-nuclear spin interactioyperfing is
influence the total number of molecules. The net result is dypically several hundred megahertz. From the uncertainty
conversion of pardLi, to ortho-Li,. Therefore, the abun- principle AEAt=h/2, one can find that the characteristic
dance of ortho’Li, is increased, accompanied by a decreas¢ime of the nuclear spin-spin interaction is10s, and that
of para’Li,. This is in agreement with our experimental of the electron-nuclear spin interaction is 28 s. Moreover,
results. the classical trajectory calculation gives the lifetime of the
For ®Li vapor, after optical pumping by a'-polarized  Lig intermediate transition state to be £8 s [15]. Thus, the
laser, theSLi atoms are spin oriented with a population con- spin projections of all nuclei would be conserved during the
centrated in thd F=3/2,M=3/2, 22S,,,;} ground state. If exchange reaction, and a change in spin states of the Li atom
the atomic nuclear spin orientation is transferred to%hies ~ and Li, molecule can occur solely upon the transition of a
molecule, the resultanfLi, molecule will have a total nucleus from one collision partner to another.
nuclear spin quantum numb@r=2. This is also an ortho- When the transition complex 4 decays, it can lose either
8Li, but corresponds to states wigvenrotational quantum (a) the initial Li atom, which attacked the jibefore the

(C)

<n<k— 1)> =
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TABLE Ill. Probability distribution for product formation in th&H +*H,—*H,+ *H exchange reaction via a lined , transition state.

Products
Reactants ataa a+(aB+Ba) a+(aB—Ba) B+ aa a+ BB B+ (aB+ Ba) B+ (aB—Ba)
at+aa 1
a+(aB+Ba) 3/8 3/8 1/4
a+(aB—Ba) 3/8 3/8 1/4
a+ BB 1/2 1/4 1/4
complex formation, or(b) a different Li atom, which was aa:(aB+Ba)(aB—Ba) BB
originally a component of i For casda), no changes occur o
in the spin states of the particles. However, in cése the =77:15:15:1 for the 3rd collision,
nuclear spin orientation in the Li atom can be transferred to
the molecule. Because thd.i, has as many as 16 nuclear aa(af+pa)(aB—La) BB

spin stateg®Li, has 9, quantitative calculations are tedious.
The H+!H, exchange collision provides a simplified ex-
ample. The conclusion, however, can be applied to th

. . 6 .
present experimental results féti, and °Li,. T=1 (aa) of 'H, is favored after the multiple exchange

Th_e ?uclear spin states, =1/2 andm, = —1/2 fPr Pro-  collision. One expects corresponding conclusions for,
tons in “H, are referred to here as and 8, respectively. If and SLi,

IH atoms are spin oriented in thestate, the following four
collisions occur:

=261:31:31:1 for the 4th collision.

®hese ratios clearly show that the total nuclear spin state of

V. FINAL REMARKS

ataa, Can this experimental methodology and the theoretical
a+(aB+ Ba), model be appl.ied to other molecules? The answer is yes. The
essence of this approach on ortho-para separation is to first
a+(aB-pBa), establish the nuclear spin orientation in atoms, and then to
transfer this orientation to molecules through multiple,
a+ BP. chemical exchange collisions, thus achieving ortho-para

separation in the molecules. To accomplish this, we must
Different configurations of théH; complex will give dif-  establish a physical environment in which atoms and mol-
ferent reaction rates of exchange collisions, because thecules coexist. At appropriate temperaturékj and °Li
probability of detaching each atom is different. When themetal vapors represent such entities to us.
complex has a linear configuration, the probability of restor- We can apply this methodology to other alkali-metal met-
ing the initial state is 1/2. When the complex has a triangulaals, such as isotopes of Na, K, Rb, and Cs. Weber and Stock
configuration, the probability is reduced to 1/3. The resultsobserved the presence of nuclear spin polarizatiortdla,
are shown in Tables Ill and IV. Summation over each col-more than 20 years add8]. Using an approach identical to
umn gives the probability of forming th&H, molecule with  that described here, | also observed an ortho over para en-
a specific total nuclear spin state. For the triangular complexjichment in 25Na, [19]. Ortho-para separations can be per-
the probability distribution for each nuclear spin state is  formed on other molecules. The homonuclear diatomic mol-
ecules and the symmetric top polyatomic molecules are the

aa:(af+pa)(aB—pBa):BB first categories within the immediate expansion. Among
—5:3:3:1 for the 1stcollision, them, the simplest systemg could bg, G,, NH3,.hangen
dimers, and CEX, whereX is an atom or a function group.
aai(af+ Ba)(af—Ba): BB For thgse mol_ecules, more effo_rts are needed to increase
the atomic species to concentrations higher than those at
=21:7:7:1 for the 2ndcollision, their thermal equilibrium conditions. In the afterglows of mi-

TABLE V. Probability distribution for product formation in th&H +*H,—*H,+*H exchange reaction via a triangul8 ; transition
state.

Products
Reactants a+aa a+(aB+Ba) a+(aB—Ba) B+aa a+ BB B+ (aB+ Ba) B+ (aB—Ba)
ataa 1
a+(aB+Ba) 1/3 1/3 1/3
a+(aB—Ba) 1/3 1/3 1/3

a+ BB 1/3 1/3 1/3
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crowave discharge, the concentrations of O, S, and halogesm® -polarized laseror more atoms having spin “down({for

atoms were as high as 1-5 % of the total concentrations dhe ¢ -polarized laser If we define the degree of spin ori-

their parent moleculef20]. Using selective photodissocia- entation,d, as

tion via predissociate states would very likely increase the

concentration of atoms. For example, with irradiation by a uv 9= [ Xup]l = [ Xdownl

light source at an energy above 175 nm, as rblecule [ Xupl + [ Xdown

readily dissociates into a metastablg'@) atom and a ]

ground state GP) atom via the Schumann-Runge con- With

tinuum, and the former then relaxes to the ground state. _
Over the past decade, much interest has been focused on [Xupl [ Xdown] =[X], (A3)

using lasers to selectively modify chemical species and tQye can reexpress E¢A2) in terms of :

create new technological processes at the atomic and mo-

lecular level. These modifications and creations could not be [X] [X]

achieved using a conventional methodology that operated af X2]=Ked T,9=0) —= (1+9) —= (1-9)

thermal equilibrium conditions. The technique described in

this work represents a unique approach to these problems :Kéq(T,ﬁzO)[xup({}z0)][Xd0wﬁ(1920)](1—1‘;‘2).

with definitive results. (Ad)
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This appendix derives the degree of spin orientati®n, atom to collide with another atom with the same spin state

and gives its expressions with quantities measured by twériplet state formatiopn The possibility of forming a stable

commonly used experimental techniques: atomic fluorestsinglet state molecule, therefore, decreases.

cence intensity measurement by LIF and laser transmission The nuclear spin is often not zero. For alkali-metal at-

intensity measurement by absorption spectroscopy. The agms, the nuclear spin angular momentum is coupled with

sumptions used in deriving these expressions are easily s&lectron spin angular momentum, forming hyperfine struc-

isfied experimentally. tures. Under an external magnetic field, the hyperfine levels
Conventionally, the atom-molecule mixture governed byare further split into hyperfine Zeeman levels, as shown in

processes described in Eq4)—(3) is characterized by an Fig. 1. Equatior{A4) was first derived by Kastler to describe
equilibrium constank the electron spin orientation on a virtual alkali-metal atom

without nuclear spirf13]. However, all alkali-metal atoms

APPENDIX

eq:

kg B [Lis] and most of the other elements have nonzero nuclear spin
Ked T)= k, [Li]> (A1) angular momenté, which will couple to electron spinS to

form hyperfine structure described by the total spin quantum
However, based on the spin multiplicity and bonding ver-numberF.
sus antibonding nature of molecular potential, Egl) must Therefore, Egs.(A3) and (A4) and the definitions of
be rewritten with the proper electron spin characteristics. For X,;” and " Xgoyn" do not have valid meaning for atoms
simplicity, first consider an ideal atonXj—molecule K,) with 1 #0. The more general form of the degree of spin ori-
system in which the nuclear spin quantum numbequals entation takes the form
zero. The equilibrium constant can be written as

[X,] A= w (A5)
P (Ty= —2 —K!’ B N
Keq(T) - [xup][xdown] or [Xz] Keq(T)[Xup][Xdown]
(A2)  with
Without spin orientation, the atom-molecule system has (K=1)\ _ Zizah dN=3
an isotropic spin distribution: the number of atoms with spin (n )= k1 an N=2n,

“up” ( mg=1/2) equals the number of atoms with spin

“down” (mg=—1/2), i.e., [Xypl=[Xgowl=1/4X]. The  wheren, is the number of atoms in the hyperfine Zeeman
equilibrium constanK(T) expressed by EqA2) is four  level into which the atoms are being pumpedis the num-
times greater thai ., defined by Eq(A1) for the case of ber of atoms in theth hyperfine Zeeman leve is the total
isotropic spin orientation. When the optical pumping laser isnumber of Zeeman levels involved in the optical pumping
turned on, the isotropy of the electron spin distribution istransitions{n~1) is the average number of atoms over the
destroyed, with more atoms having spin “up(for the (k—1) hyperfine Zeeman levels from which the atoms are
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being pumped, andN is the total number of atoms in the The degree of spin orientatio can also be determined
ground state manifold. With the definition of the degree ofby measuring transmitted optical pumping laser intensities
spin orientatior® by Eq.(A5), Egs.(A3) and(A4) keep the  when optical pumping is turned on and off, respectively.
same form when 9" is replaced by “®” and with the  Under the assumption of a weak radiation field, the absorp-
understanding thaX,,, represents atoms having electron spintion coefficienta of the sample is constant. The transmitted
mg=1/2 (electron spin “up”) and Xy, represents atoms beam intensity is given by the Lambert-Beer law

having electron spimg= — 1/2 (electron spin “down’), re- ]

gardless of their nuclear spin quantum numbers. The quantity I+(©)=1e (O, (A11)

0O defined by Eq(A5) has a clear physical meaning and is
experimentally measurable. It also takes E&4) as a spe-
cial case when the nuclear sgir 0.

with L being the absorption path length atd®)) the av-
erage absorption coefficient over Because the atomic tran-

The degree of spin orientatio can be determined by sition used for optical pumping is usually in the uv or visible

measuring atomic fluorescence intensities induced by atomig9'on: the population in the excited state is much lower than

pumping laser. Under the assumption of low intensity of ex-t at of the ground state due to the short lifetime of the upper

citation, N is constant during the optical pumping process,State‘ The_absorpt|on cqefflmemcan be gxpfessed In terms
e of absorption cross section and population in ground state as

E n;+n,=N. (A6) a=ai;a n. (A12)

i#a

Equation(A5) becomes From Eq.(A9), =;.,n can be rewritten as

_ (K=1)N—KZj,aN; > n(®)=(2 n())(l—)
= k—1)N . i#a i#a

—(k—1)(nkD(@= e
Let (n(®=0)) represent the average population of the (k=1)(n (©=0))(1-6). (AL3)
Zeeman levels of the ground state when the optical pumping:ombining Eqs(A11)—(A13), we have
is off '
I1(©=0)=1, ex —(a)(k—1)(n* V(@ =0))L]

(nk(®=0))k=N, (A7) (A14)
then becomes when optical pumping is off, and
o (K= (0=0)) ~i.ani(©) (A8) 11(0) =1 ex — (o) (k—1){n* V(@ =0))(1- O)L]
(k—1)(n%(®=0)) (A15)
If the ground state Zeeman levels are evenly populated/hen optical pumping is on. o
when optical pumping is off, i.e., Taking logarithms of Eq9A14) and(A15), and dividing
Eqg. (A15) by Eq. (A14), we have
(k=1)(n(®@=0))=2, nj(6=0), Pﬂ@ﬂ
i#a In
0
we have T1(0=0)] =(1-0). (Al6)
In| ————
Zi+ai(@=0)—%.,n(O) lo
= : (A9) , S iy
Zi+ani(©@=0) Therefore® can be determined from the signal intensities of
) L , transmitted optical pumping laser as
Because the fluorescence intendityis proportional to the
population in the ground state, the degree of spin orientation 11(®)
can be finally expressed as I
0=1-—F+————-~. A17
_1H(0=0)-1(8) Lo mrﬂ®=oq (ALD)
 1(®=0) (AL0) lo
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