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Theoretical model for enrichment of CH3F nuclear-spin isomers by resonant microwave radiation
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A theoretical model of coherent control of nuclear-spin isomers by microwave radiation has been developed.
The model accounts theM degeneracy of molecular states and molecular center-of-mass motion. The model
has been applied to the13CH3F molecules. Microwave radiation excites the para state (J511, K51) which is
mixed by the nuclear-spin-spin interaction with the ortho state~9,3!. Dependences of the isomer enrichment
and conversion rates on the radiation frequency have been calculated. Both spectra consist of two resonances
situated at the centers of nuclear-spin-allowed and -forbidden transitions of the molecule. Larger enrichment,
up to 7%, can be produced by strong radiation resonant to the forbidden transition. The spin conversion rate
can be increased by two orders of magnitude at this resonance.
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I. INTRODUCTION

Nuclear-spin isomers of symmetrical molecules are fa
nating objects@1#. Their properties are determined by th
nuclear-spins deeply hidden in the molecule. Most kno
are the hydrogen isomers that demonstrate anomalous s
ity, one year at ambient temperature and pressure@2#. Latest
results on hydrogen isomers can be found in Refs.@3,4#, and
references therein. Many other molecules have spin isom
too. But, so far their physical properties remain almost
known. This makes investigations of spin isomers fundam
tally important. Spin isomers have also practical appli
tions, e.g., for isomer selective chemical reactions@5,6#, or in
isomer-enhanced NMR techniques@7,8#. These applications
are developed solely with hydrogen isomers. Extension
other molecules requires efficient methods of isomer enr
ment. For a long time enrichment of only hydrogen isom
was possible. Recently a few separation methods for p
atomic molecules have been developed~see the review@9#!
that have advanced the field significantly. New enrichm
methods are needed for further progress.

An alternative approach to the problem of isomer enri
ment is based on the use of strong electromagnetic radia
There are two modifications of the method. In the first o
@10,11# ~for an earlier discussion of the radiation effects s
Ref. @12#!, the radiation populates specific states of one s
isomer situated in the vicinity of the states of another isom
which consequently leads to enrichment. In the sec
method@13#, enrichment appears due to the combined act
of population transfer, dynamical shift of molecular leve
and light-induced coherence. The latter method~coherent
control of spin isomers! promises to be more efficient. T
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avoid any confusion, we note that the light-induced enric
ment resulting from stimulating conversion of spin spec
differs radically from the previously known separation me
ods, e.g., the light-induced-drift method spatially separa
the isomers@9#.

There is no proof yet that light-induced enrichment
spin isomers is feasible. We are aware of only one attemp
verify the proposals@14#. This involved microwave excita-
tion of rotational transition in CH3F. The experiment did no
give a positive result. At the time when this experiment w
performed, only a qualitative theoretical model of the ligh
induced enrichment was available@10#. Presently, the under
standing of the underlying physics has been improved s
stantially. In view of further experiments in this area it
desirable to examine the microwave-induced enrichmen
CH3F spin isomers in more detail. This is the goal of t
present paper. Existing theoretical models of coherent c
trol cannot be directly used for a quantitative analysis
cause these do not account for theM degeneracy of molecu
lar states. Accounting for such degeneracy is another goa
this paper.

II. QUALITATIVE PICTURE AND KINETIC EQUATION

Previous analysis has shown that significant enrichm
can be obtained if radiation interacts with the states hav
large population differences. In this context, microwave e
citation is not the best option; but it has some advanta
also. Theoretical description is simpler for pure rotation
excitation. The level positions are better known for t
ground vibrational states. From the experimental side, i
easier to find a radiation having proper frequency becaus
better frequency tunability of microwave sources.

We start with a brief qualitative description of the ph
nomenon. CH3F has two types of states, ortho and pa
©2003 The American Physical Society06-1
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PERMYAKOVA, ILISCA, AND CHAPOVSKY PHYSICAL REVIEW A 67, 033406 ~2003!
shown in Fig. 1. The data in this figure correspond to
13CH3F molecule and have been calculated using the m
lecular parameters from@15#. Spin isomers of CH3F are dis-
tinguished by the total spin of the three hydrogen nucleI
53/2 for ortho andI 51/2 for para isomers. For ortho iso
mers only rotational quantum numbersK50,3,6, . . . are al-
lowed (K is the projection of molecular angular momentu
J on the molecular symmetry axis.! For para molecules only
K51,2,4,5, . . . areallowed @1#.

There are two close pairs of ortho and para states in
ground vibrational state of13CH3F that are significantly
mixed by the intramolecular perturbationV̂ and that are im-
portant for the ortho-para conversion in the molecule. Fo
qualitative description, let us take into account only one
these pairs,m2n, and first assume that there is no extern
radiation. Suppose that the test molecule is placed into
ortho subspace. Due to the rotational relaxation caused
collisions, the molecule shuttles up and down along the l
der of rotational states. Nonmagnetic collisions do n
change the nuclear-spin state directly, i.e., the relevant c
section is zero,s(orthoupara)50. This shuttling along the
rotational states inside the ortho subspace continues unti
molecule jumps to the statem. During the free flight after
that collision, the intramolecular perturbationV̂ admixes the
para statesn to the ortho statem. Consequently, the nex
collision has a probability~usually very small! of transfer-
ring the molecule to other para states. This localizes the m
ecule inside the para subspace and the spin conversion
curs. This is the mechanism of radiation-free nuclear-s
conversion induced by the intramolecular state mixing@16#
~see also Ref.@17#!.

In the case of a strong microwave radiation applied to
molecular transitionq-n in the para subspace, mixing of th
states is affected by the radiation which allows one to con

FIG. 1. Position of rotational levels of13CH3F. Molecular pa-
rameters are from Ref.@15#. Two pairs of states important for spi
conversion in this molecule are indicated. The small vertical line
the para subspace indicates microwave excitation of the trans
n→q. Two bent vertical lines indicate rotational relaxation. Para
eters of the important states are summarized in Table I.
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the ortho-para conversion. Influence of the radiation com
through three major effects: level shift~dynamical Stark ef-
fect, well known in nonlinear laser spectroscopy@18,19#!,
level population change, and light-induced coherence.
general, these three effects cannot be separated and
work together.

In order to consider a real molecule, the above simplifi
picture has to be developed further. One has to accoun
the molecular center-of-mass motion. Although the intram
lecular mixing does not depend on molecular velocity, t
interaction of the molecule with the radiation does. Con
quently, the ortho-para state mixing in coherent control a
depends on molecular velocity.

Another complication comes from the degeneracy of m
lecular states. Even for the simplest case of pure polariza
~linear or circular! of the radiation there are many excitatio
channels each having its own absorption coefficient and s
ration parameter. These channels differ by theM-quantum
number, the projection ofJ on the laboratory axis of quanti
zation. It is important also to keep in mind that there a
other degeneracies of states. Each state of13CH3F in Fig. 1
is determined by the set of rotational quantum numb
(J,K,M ), total spin of the three hydrogens,I, its projections
on the laboratoryz axis,s, andz projections of the spins o
the carbon and fluorine nuclei, both having spin1

2 . The en-
ergy of rotational states of CH3F depends only onJ and K
quantum numbers if tiny hyperfine contribution to the lev
energy is neglected. We conclude the qualitative picture
summarizing important parameters of13CH3F in Table I.

A quantitative analysis of the isomer coherent control w
be performed using the kinetic equation for the density m
trix r̂. The molecular Hamiltonian reads

Ĥ52~\2/2m0!¹ r
21Ĥ01\Ĝ1\V̂. ~1!

Here the first term is the Hamiltonian of the molecul
center-of-mass motion;m0 is the molecular mass. The mai
part of the molecular internal Hamiltonian,Ĥ0, has the ortho
and para eigenstates shown in Fig. 1.\Ĝ describes the mo-
lecular interactions with the external radiation that will b
taken in the form of monochromatic traveling wave,

Ĝ52~Ed̂/\!cos~vLt2k•r !, ~2!

whereE, vL , andk are the amplitude, frequency, and wa
vector of the electromagnetic radiation, respectively;d̂ is the

TABLE I. Positions of levels in13CH3F. Molecular parameters
are from Ref.@15#.

Notation J,K I E ~cm21) Frequency~MHz!

m8 20,3 3/2 387.1 351.0160.16 (m82n8)
n8 21,1 1/2 387.1
q 12,1 1/2 133.7 596294.28560.013 (q2n)
n 11,1 1/2 113.8 130.9960.15 (n2m)
m 9,3 3/2 113.8 596425.2860.15 (q2m)

aNotation in Fig. 1.
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THEORETICAL MODEL FOR ENRICHMENT OF CH3F . . . PHYSICAL REVIEW A 67, 033406 ~2003!
operator of the molecular electric dipole moment.V̂ is the
intramolecular perturbation that mixes the ortho and p
states in13CH3F. The spin-spin interaction between the m
lecular nuclei mixes them-n pair (J59, K53211, 1!
@17,20#. The m8-n8 pair ~20,3–21,1! is mixed by the spin-
spin and spin-rotation interactions@17,21–23#. Accounting
for level degeneracy in light-molecule interactions is, in ge
eral, a difficult problem. The simplest case is that of a p
linear or circular polarization. We will consider electroma
netic radiation of linear polarization.

In the representation of the eigenstates ofĤ0 (a states!
and classical description of the molecular center-of-m
motion, the kinetic equation for the density matrixr reads
@18#

]r/]t1v•“r5S2 i @G1V,r#. ~3!

HereS is the collision integral;v is the molecular center-of
mass velocity. Spontaneous decay is not included in
equation because it is negligible for rotational transitions
comparison with collisional relaxation.

A kinetic equation for the total concentration of para m
ecules can be obtained directly from Eq.~3!,

]rp /]t522ReE i S ( rm8n8Vn8m81( rmnVnmDdv.

~4!

Summation in the first and second terms is carried over
degenerate sublevels of the statesm8,n8 and m,n, respec-
tively. In Eq. ~4! the total concentration of para molecule
rp5(a*rp(a,v)dv, aP para and a uniform spatial distr
bution of molecular density was assumed. Collision integ
did not enter into Eq.~4! because by assumption collision
do not change the molecular spin state, i.e.,(a*Saadv50,
if aP ortho, oraP para.G did not enter into Eq.~4! either
because the matrix elements ofG off-diagonal in nuclear-
spin states vanish.

The off-diagonal matrix elementsrmn and rm8n8 will be
found in perturbation theory. Further we assume the per
bations V̂ being small and consider zero- and first-ord
terms of the density matrix,

r5r01r1. ~5!

Collisions in our system will be described by a model th
is standard in the theory of light-molecule interactions. T
off-diagonal elements ofS have decay terms only,

Saa852Graa8 , aÞa8. ~6!

The decoherence ratesG are taken to be equal for all off
diagonal elements of the collision integral. This assumpt
simplifies the theoretical model. Note that the dependenc
the relaxation rates on rotational quantum numbers is kno
@24#.

The diagonal elements ofS are expressed through th
kernel of the collision integralA in a usual way,
03340
a
-

-
e

s

is
n

ll

,

l

r-
r

t
e

n
of
n

S~a,v!5(
a1

E A~a,vua1 ,v1!r~a1 ,v1!dv1

2r~a,v!(
a1

E A~a1 ,v1ua,v!dv1 . ~7!

We consider the model of strong collisions with the follow
ing collision kernel for para molecules:

A~a,vua1 ,v1!5n rwp~a!d~v2v1!1n tdaa1
f ~v!,

a,a1Ppara, ~8!

and a similar equation for ortho molecules.wp(a) in Eq. ~8!
is the Boltzmann distribution of rotational state populatio
of para molecules,

wp~a!5Zp
21exp~2Ea /kBT!, ~9!

with Zp being the rotational partition function;Ea being the
rotational energy of thea state;T being the gas temperature
kB being the Boltzmann constant. The symmetry of CH3F is
such that the partition functions for ortho and para molecu
are practically equal at room temperature. Partition functio
account for all degeneracies of states~see Ref.@17# for more
details!; f (v) in Eq. ~8! is the Maxwell distribution,

f ~v!5p23/2v0
23exp~2v2/v0

2!; v05A2kBT/m0.
~10!

In Eq. ~8!, two relaxation rates were introduced, rotation
relaxation (n r) that does not affect molecular velocity an
translational relaxationn t that equilibrates velocity but doe
not change the rotational state. Note that the rotational re
ation is accompanied in our model by the relaxation inM
quantum numbers. Note also that the collisions in the mo
do not change the molecular-spin state. The introduction
different relaxation rates for different degrees of freedo
makes the model of strong collisions more accurate and fl
ible. It allows one to adjust the model to particular expe
mental conditions. Because of its simplicity, the model
strong collisions is often used in laser physics and nonlin
spectroscopy, see, e.g., Refs.@18,25,26#. Numerical values
for the collisional parametersG, n r , and n t will be deter-
mined later.

III. MICROWAVE ABSORPTION

For the zero-order term of the density matrix one has
following kinetic equation:

]r0/]t1v•¹r05S02 i @G,r0#. ~11!

The electromagnetic field is chosen to be resonant to
rotational transition of para molecules. Consequently, or
molecules remain at equilibrium in the zero-order pertur
tion theory. For the level populations of ortho molecules o
has
6-3
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PERMYAKOVA, ILISCA, AND CHAPOVSKY PHYSICAL REVIEW A 67, 033406 ~2003!
ro
0~a,v!5~N2rp

0!wo~a! f ~v!, ~12!

whereN is the total concentration of molecules.
Equations~6!, ~7!, ~8!, and ~11! allow one to deduce an

equation for the stationary populations of para molecules

~n r1n t!rp
0~a,v!5n rwp~a!rp

0~v!1n t f ~v!rp
0~a!

1rp
0p@daq2dan#, ~13!

where the excitation probabilityp is defined as

rp
0p5

2GuGqnu2

G21~V2k•v!2
@rp

0~n,v!2rp
0~q,v!#. ~14!

In Eq. ~13! the notations were introduced,

rp
0~v!5 (

aPpara
rp

0~a,v!; rp
0~a!5E rp

0~a,v!dv.

~15!

Equation~14! is written in the rotating wave approximation
Nonzero matrix elements ofG ~electric field has linear po
larization along thez axis! are given by

Gqn5G~M !ei (k•r2Vt), G~M ![E10~d10!qn/2\, ~16!

whereV5vL2vqn is the radiation frequency detuning from
the absorption line center,vqn ; the bar over a symbol indi
cates a time-independent factor;E10 and d10 are spherical
components of the electric field and electric dipole mom
vectors, respectively@1#. The matrix element ofd̂10 reads@1#

u~d10!qnu2[ud~M !u25~2Jq11!~2Jn11!

3S Jq 1 Jn

2K 0 K D 2S Jq 1 Jn

2M 0 M D 2

d2 ,

~17!

where ~:::! stand for 3j symbols andd is the permanen
electric dipole moment of CH3F, d51.86 D @27#.

Solution of Eq. ~13! presents no difficulty and can b
written in the form

rp
0~a,v!5rp

0wp~a! f ~v!1rp
0@~t22t1!p1f ~v!1t1p#

3@daq2dan#, ~18!

where the relaxation times aret15(n r1n t)
21, t25n r

21 ,
and p15*pdv. We have separated here the field-induc
contributions nonequilibrium ina andv and nonequilibrium
only in a. Solution ~18! shows that radiation affects th
population of only two states,q and n. This is the conse-
quence of the accepted simple model of collisions.

The excitation probability can be found from Eqs.~14!
and ~18!,
03340
t

d

p15
0.5Dw

t1~kR!211t22t1

,

p5
G2f ~v!

GB
21~V2k•v!2

p1

R
, ~19!

where the difference of the Boltzmann factors isDw
5wp(n)2wp(q); the saturation parameterk and saturation
intensitySsat are

k5
S

Ssat
, Ssat5

cG\2

8pt1ud~M !u2
; ~20!

the homogeneous linewidth isGB5GA11k, and

R5E G2f ~v!dv

GB
21~V2k•v!2

. ~21!

This integral can be expressed through the probability in
gral, but for numerical calculations performed in this pape
is easier to calculate it directly.

In a similar way, one can obtain from the kinetic equati
~11! the off-diagonal density matrix element

r̄qn
0 52 i

rp
0

Ḡnq

p

2G
@G1 i ~V2k•v!#. ~22!

We can now adjust the parameters of the collision ker
~8!. Kinetic equation~11! describes a diffusion process wit
the diffusion coefficient,D5v0

2/2n t . The diffusion coeffi-
cient for CH3F is D.102 cm2/s at a pressure of 1 Torr. Thi
determines the velocity equilibration rate,n t54.4
3107 s21/Torr.

Attenuation of the radiation is given by\vLrp(Mp1.
Consequently, the absorption coefficientx(V) is determined
by the expression

x~V!5\vLrpS21(
M

p1 . ~23!

In the low-field limit (k→0) it is reduced to

x low~V!5
\vL

2t1
rpDwRlow(

M
Ssat

21 , ~24!

whereRlow5 lim
S→0

R is the Voigt profile of the absorption

line. If G@kv0 the absorption line is a Lorentzian of widt
G. Experimental data onx(V) for the rotational 11,1
→12,1 transition can be used to determine the value ofG.
Equally, broadening of any other rotational transition can
used because in our collision model~6! one has the sameG
6-4
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THEORETICAL MODEL FOR ENRICHMENT OF CH3F . . . PHYSICAL REVIEW A 67, 033406 ~2003!
for all off-diagonal density-matrix elements. There are e
perimental results on broadening of the ortho-para~9,3!–
~11,1! transition obtained from the level-crossing resonan
in 13CH3F nuclear-spin conversion. This experiment ga
the valueG/P51.93108 s21/Torr @28,29# that will be used
in the present calculations. The last unknown parameter
tational relaxation,n r , can be determined, e.g., from th
power saturation of the absorption coefficient. This inform
tion is not available and we assumen r5G. This is reason-
able, because the pressure broadening in molecules is d
mined mainly by level population quenching, although th
estimation forn r is probably too high.

We can now demonstrate the model at work by consid
ing the microwave absorption by13CH3F. Absorption spec-
trum is determined by the selection rulesJ→J11, K→K.
The spectrum consists of groups of lines nearly equally se
rated by 50 GHz. Inside each group the lines, different inK,
are rather dense. The spectrum near the 11,1→12,1 line is
shown in Fig. 2. The two spectra correspond to low radiat
intensity and toS5100 mW/cm2 and the gas pressure equ
to 30 mTorr in both cases.

Saturation intensity for the 11,1→12,1 line is equal to
43 W/cm2 (M511) and 6.8 W/cm2 (M50) at the gas pres
sure of 1 Torr.Ssat is proportional to the pressure square
thus at 30 mTorr,Ssat.6 mW/cm2. An example of the ab-
sorption coefficient saturation is given in Fig. 3. Because
Doppler width of the transition is small,kv050.74 MHz,
low-field absorption at the line center depends weakly
CH3F pressure ifP*100 mTorr. Another example of th
saturation effect is shown in Fig. 4. Here the relative le
population difference@rp(n)2rp(q)#/rpDw is given as a
function of radiation intensity. One can see that radiat
having S5100 mW/cm2 decreases the level population d
ference significantly.

FIG. 2. Absorption spectrum near the 11,1→12,1 line. Numbers
in the graph indicate theK values. The gas pressure is 30 mTo
Low-intensity absorption is shown by the thin line, the case oS
5100 mW/cm2 is shown by the thick line.
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IV. FIRST-ORDER THEORY

The kinetic equation for the first-order term of the dens
matrix r1 is obtained from Eq.~3!,

]r1/]t1v•¹r15S12 i @G,r1#2 i @V,r0#. ~25!

Ortho-para conversion is determined by the termsrm8n8
1 and

rmn
1 because zero-order matrix elements off-diagonal

nuclear-spins vanish@see Eq.~4!#. Radiation does not affec
the levels m8 and n8. Consequently, the matrix elemen
rm8n8

1 is not different from the case of the field-free conve
sion @17#,

rm8n8
1

5
2 iVm8n8

G1 iv8
@rp

0~n8,v!2ro
0~m8,v!#, ~26!

wherev8[vm8n8 . The density-matrix elementrmn
1 can be

obtained from the equations that are deduced from Eq.~25!,

~]/]t1v•“1G!rmn
1 2 irmq

1 Gqn

52 iVmn@rp
0~n,v!2ro

0~m,v!#,

~]/]t1v•“1G!rmq
1 2 irmn

1 Gnq52 iVmnrnq
0 . ~27!

Substitutions, Vmn5V̄mne
ivt, (v[vmn); rmn

1 5rmn
1 eivt;

rmq
1 5rmq

1 ei [(V1v)t2k•r ] , transform Eqs.~27! to algebraic
equations that can be easily solved. The density-matrix
ment that one needs for the kinetic equation~4! reads

FIG. 3. Saturation of the absorption coefficient at the line cen
of the 11,1→12,1 transition. Gas temperature isT5295 K.
r̄mn
1 52 iV̄mn

@G1 i ~V1v2k•v!#@rp
0~n,v!2ro

0~m,v!#1 iḠqnr̄nq
0

~G1 iv!@G1 i ~V1v2k•v!#1uG~M !u2
. ~28!

033406-5
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PERMYAKOVA, ILISCA, AND CHAPOVSKY PHYSICAL REVIEW A 67, 033406 ~2003!
Note that the indicesm,n,q in Eqs.~28! represent the set o
quantum numbers that describe all degenerate suble
Consequently, one has nonzero termsr̄mn

1 for the combina-
tion of quantum numbers that are allowed by the selec
rules for V̂.

V. CONVERSION RATES

Solutions forr̄m8n8
1 andr̄mn

1 together with the level popu
lations from Eq.~18! and the off-diagonal matrix elemen
from Eq. ~22! allow one to present Eq.~4! as

]rp /]t5N~gpo8 1gpo!2rpg,

g[gpo8 1gop8 1gpo1gop2gn2gc . ~29!

In this equation we have neglected the small difference
tween the total concentration of para moleculesrp , and its
zero-order approximationrp

0 . The partial conversion rates i
Eq. ~29! have the following definition. The field-free conve
sion rate through the upper level pair,m82n8,

gpo8 5(
2GuVm8n8u

2

G21v82
wo~m8!. ~30!

Equation forgop8 is obtained fromgpo8 by substitution of the
Boltzmann factorwp(n8) instead ofwo(m8). Summation is
made here over all degenerate substates of them8 and n8
states. The rategpo is given by

gpo5( uVmnu2F 2G

G21v2
1ReE F1f ~v!dvGwo~m!.

~31!

An equation forgop is obtained from that forgpo by substi-
tution the Boltzmann factorwp(n) instead ofwo(m). The
ratesgpo andgop are field dependent. Their zero-field limi
coincide with the field-free conversion rates through the p
of statesm2n. The ‘‘noncoherent’’ contribution to the con

FIG. 4. Saturation of the level population difference normaliz
to the field-free population difference. The 11,1→12,1 transition.
Gas pressure,P530 mTorr; gas temperature,T5295 K.
03340
ls.

n

e-

ir

version, the rategn , originating from the radiation-induced
level population change in Eq.~28!, is given by

gn5( uVmnu2F2Gt2p1

G21v2
12ReE @~t22t1!p1f ~v!

1t1p#F1dvG . ~32!

Finally, the ‘‘coherent’’ contribution to the conversion rat
gc , originating from ther̄nq

0 in Eq. ~28!, is

gc5( uVmnu2F2
p1

G21v2
1

1

G
ReE pF2dvG . ~33!

In Eqs. ~31!, ~32!, and ~33! the following functions were
introduced:

F15S 12
G11 iv1

G1 iv D 1

G11 i ~V1v12k•v!
,

G15GS 11
uG~M !u2

G21v2 D ,

F25
G1G11 iv1

G1 iv

1

G11 i ~V1v12k•v!
,

v15vS 12
uG~M !u2

G21v2 D . ~34!

The introduced conversion rates can be interpreted as
lows. Strong resonant radiation splits molecular sta
changes level populations, and introduces coherences in
molecule. The field-dependent part ofgpo can be considered
as being due to the radiation-induced level crossing. T
term has resonance atV52v1. The first term ofgn is due
to the population effect. It has the resonance atV50 where
the excitation probability has maximum. The second part
gn is due to the population change and level crossing. It
two resonances, atV50 and atV52v1. The coherent con-
tribution gc also has resonances at these two frequencie

The two peaks in the conversion rate spectra have ra
distinctive features. The first one, atV50, is quite similar to
the radiation-free conversion rate, e.g.,gpo8 @Eq. ~30!#. In our
casev@G and the amplitudes of the peaks atV50 are
proportional toG, and thus to the gas pressure. In the lim
v@G, contributions to the conversion rate provided by the
terms are similar to the ordinary gas-kinetic processes
are proportional to the gas pressure also.

The resonances atV52v1 have a completely differen
signature that would result from a field free conversion p
tern of a degenerate ortho-para level pair. In this case
conversion rate has 1/G dependence, see, e.g., Eq.~30!. It
allows us to refer to the resonances atV52v1 as produced
by the crossing of the ortho and para levels and resul
6-6
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from the applied electromagnetic field. To reveal this pro
erty of the resonances atV52v1, let us estimate the inte
gral,

I 5E f ~v!dv•

G11 i ~V1v12k•v!
, ~35!

at the radiation frequencyV52v1. In the limit of large
Doppler broadening,G1!kv0, the integrand in Eq.~35! has
sharp resonance atvÄ0. One can substitutef (v) by f (0) in
Eq. ~35! and obtainI}1/kv0. Thus, the conversion is pro
duced through the degenerate ortho-para level pair~level
crossing! having the width equal to the Doppler width,kv0.
In the opposite limit of large homogeneous broadening,G1
@kv0, one can neglectk•v in the denominator of the inte
grand~35! and obtainI}1/G1. Again, this is the conversion
through the crossed ortho and para states but now having
width G1.

It would be useful to compare the results of the pres
model with the qualitative model@10#. This comparison can
not be made directly because in Ref.@10# rovibrational exci-
tation of CH3F was considered. But one can apply the idea
light-induced enrichment solely through the level populat
change and make the comparison. In the present notat
the field effect from the level population change is given
the first term in Eq.~32!,

gn15(
2GuVmnu2

G21v2
t2p1 . ~36!

It gives a larger amplitude for the peak atV50 than the
present model. In the present model one has partial can
lation of peaks atV50, see the first terms in the expressio
for gn andgc . Because of the assumption,G5n r , made in
the collision model we have two times smaller peak atV
50 in the present model. The cancellation is less signific
if G is larger in comparison withn r .

We turn now to numerical calculations of the conversi
rates in13CH3F. Contribution from them82n8 pair is diffi-
cult to calculate using Eq.~30! directly because of som
uncertainty in the parameters involved. Instead, one can
the experimental value,gpo8 52.331023 s21/Torr @28,29#
and scale it linearly in pressure. Such pressure depend
for gpo8 is valid if G!v8 @see Eq.~30!# which is fulfilled for
the pressuresP,10 Torr.

Calculation of the ratesgpo , gn , and gc requires the
matrix elementsVmn . Mixing of the statesm and n is per-
formed by the intramolecular spin-spin interaction betwe
the nuclei of 13CH3F. Dependence ofVmn on nuclear-spin
variables is easily accounted for by summation because o
factors in Eqs.~31!–~33! do not depend on nuclear-spin
Then, the only remaining degeneracy is in theM-quantum
numbers. This quantity reads

( uVmnu25~2Jm11!~2Jn11!S Jm 2 Jn

2Km q Kn
D 2

3S Jm 2 Jn

2M 8 M 82M M D 2

T 2,q
2 . ~37!
03340
-

he

t

f

ns,

el-

nt

se

ce

n

er

HereT2,q (q5Km2Kn52) is the magnitude of the spin-spi
interaction and summation is carried over all nuclear-s
projections. The value ofT2,2 calculated from the molecula
structure is equal to 69.2 kHz. This value is confirmed by
experiment@30#. But in this paper we have to take a som
what smaller value,T2,2564.1 kHz, as it was obtained sel
consistently for the three parameters,T2,2, G, andgpo8 @29#.

Examples of the conversion rates are shown in Fig. 5. T
upper panel gives the rateg for two pressures, 30 mTorr an
100 mTorr. The radiation intensity in both cases is equa
100 mW/cm2. One can see that the peak atV52v1 is .3
times larger at 30 mTorr than at 100 mTorr. There is a
peak atV50 having ‘‘negative amplitude’’ but it is too
small to be visible in the upper panel. The lower panel sho
the field-dependent rates,2(gn1gc). They are taken with
the same sign as they contribute tog in Eq. ~29!. One can see
from this panel that the pressure dependences of the am
tudes of these two peaks are opposite. This is the co
quence of the crossing of ortho and para states atV52v1
and the off-resonant nature of the peak atV50.

The broadening of the two peaks in the conversion rat
very different too. The peak atV50 has broadening simila
to that of an ordinary absorption line. At large saturati
parameterk, its width is ;2uGu and grows rather fast with
intensity. The width of the peak atV52v1 is given by
.G(11uGu2/v2). Consequently, the power broadening
this peak is very small at our conditions. Figure 5 illustra
the difference in the peak widths.

VI. ENRICHMENT

The solution of the kinetic equation~29! can be presented
as

FIG. 5. Conversion rates. The upper panel shows the total c
version rateg for the pressuresP530 mTorr ~thin line! and P
5100 mTorr ~thick line!. The lower panel shows the field
dependent contribution2(gn1gc) at the pressuresP530 mTorr
~thin line! andP5100 mTorr~thick line!. The radiation intensity is
S5100 mW/cm2.
6-7
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rp~ t !5 r̄p1~rp~0!2 r̄p!exp~2gt !, r̄p5N~gpo8 1gpo!/g,

~38!

wherer̄p andrp(0) are the steady-state and initial~equilib-
rium! concentrations of para molecules, respectively. Enri
ment of para molecules will be defined as

b~V!5
r̄p

rp~0!
21. ~39!

Partition functions for ortho and para isomers of CH3F are
equal. Consequently,gpo8 5gop8 , gpo5gop and enrichment,
b(V), can be expressed as

b~V!5~gn1gc!/g, ~40!

which will be used for the numerical calculations ofb(V).
One can note from Eq.~40! that despite the fact that the rate
gpo andgop have rather large field-dependent parts@see Fig.
~5!#, they alone would not produce an enrichment. It can
understood because these field-dependent parts are due
mixing of states shifted by radiation but having equilibriu
populations@see Eq.~31!#. Conversion through the mixing o
equilibrium populated states does not affect the ortho-to-p
ratio. Examples of the enrichmentb(V) are given in Fig. 6.
At the pressure 30 mTorr and radiation intensityS
5100 mW/cm2, the enrichment peak atV52v1 is .3%
and it is .4 times higher than the enrichment atV50. At
larger radiation intensity, amplitude of the enrichment pe
b(2v1), saturates at.5%. The peak atV50 grows to
.1%.

The simplified model that accounts only for the radiatio
induced level population change predicts a factor of 2 hig
peak atV50 than the present model. As was discuss
above, in the present model one has partial cancellatio
contributions originating from the ratesgn and gc which
results in a smaller enrichment. Another significant diff
ence between these models is that the simplified model d
not predict an enrichment atV52v1.

FIG. 6. Enrichment of para moleculesb as a function of radia-
tion frequency detuningV. Gas pressureP530 mTorr ~thin line!;
P5100 mTorr~thick line!. In both cases the radiation intensity
S5100 mW/cm2 and the gas temperature isT5295 K.
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Broadening of the two peaks in enrichment is very d
tinctive and is similar to the peaks of conversion rate,
though there is some difference. The enrichment peak aV
52v1 is broader than the peak ofg because of largegpo
and gop at resonant frequency in the denominator of E
~40!.

VII. DISCUSSION AND CONCLUSIONS

We have developed a model of spin-isomer coherent c
trol that accounts for the molecular-level degeneracy in m
netic quantum numbers. This degeneracy together with
account of molecular center-of-mass motion allows one
apply the model to real molecules, having the actual le
structure and ortho-para mixing Hamiltonian. The develop
model was used to analyze the microwave induced enr
ment of spin isomers in13CH3F. The conversion rate spec
trum consists of two peaks with the peak atV52v1 being
two orders of magnitude higher than the peak atV50.

The enrichment spectrum also has two peaks at the s
frequencies. One can obtain 3% enrichment using forbid
~for ordinary absorption! resonance atV52v1, gas pres-
sure 30 mTorr at room temperature, and radiation inten
S5100 mW/cm2. The amplitude of the peak atV50 is four
times smaller. Cooling the gas to 200 K would increase
richment to.5% because of the increase of the level pop
lation difference. At higher radiation intensity enrichme
saturates at.5% if the gas temperature isT5295 K and at
.7% if T5200 K.

For the practical implementation of the microwave e
richment, the use of the peak atV52v1 has several advan
tages. Enrichment here is significantly larger than atV50.
Moreover, spurious effects can decrease the enrichmen
V50 even further. This can be due to gas heating by rad
tion. Note that for the peak atV52v1 absorption is negli-
gible and there is no gas heating. Another spurious ef
may be due to the resonant exchange of rotational qu
between ortho and para isomers. This effect prevents
population of one rotational state by radiation~staten in our
case! in comparison with the population of the statem hav-
ing nearly equal energy. Again, the peak atV52v1 has the
advantage of very low absorption coefficient and thus l
radiation-induced population change. Finally, a disadvant
of the peak atV50 is the spurious absorption by the 11
→12,0 line ~Fig. 2!. Although at low pressures this line i
well separated from the 11,1→12,1 line~the gap is 10 MHz!,
power broadening partially overlaps these lines. On the o
hand, theV52v1 peak is situated to the blue side of th
11,0→12,0 line being 120 MHz away from the nearest a
sorption line~Fig. 2!.

Enrichment obtained by microwave excitation of13CH3F
at reasonable experimental conditions is not large,.3%. On
the other hand, there are some applications where such
richment could be significant, e.g., in spin-isomer-enhan
NMR techniques@8,7#. Note that for the standard 200 MH
NMR the difference in Boltzmann factors between Zeem
states, which determines the amplitude of the NMR signa
only 331025. If even a fraction of the 3% isomer enrich
ment would be transferred to the Zeeman level population
6-8
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would enhance the NMR signal significantly. To avoid a
confusion we note that steady-state isomer enrichment
quires that the microwave radiation be present permane
If the radiation is turned off the enrichment decays with t
radiation-free conversion rate.

Apart from any possible applications of microwave e
richment, which are presently too early to discuss, obse
tion of the microwave enrichment would be important as
proof-of-principle demonstration of coherent control of sp
isomers. It is interesting to note also that the isomer enr
ment at V52v1 would demonstrate an example of e
hanced access to weak processes in molecules through
mer enrichment@31#. Suppose one would like to measure t
o-

os

em

.

n-

ee

ys
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absorption atV52v1 directly. At the conditions considere
in the paper,x(2v1).631026 cm21 which is rather diffi-
cult to measure. This value has to be compared with the
enrichment in the coherent control which should not be d
ficult to measure.
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