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Theoretical model for enrichment of CHzF nuclear-spin isomers by resonant microwave radiation
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Atheoretical model of coherent control of nuclear-spin isomers by microwave radiation has been developed.
The model accounts thé degeneracy of molecular states and molecular center-of-mass motion. The model
has been applied to tHéCH;F molecules. Microwave radiation excites the para statel(1, K= 1) which is
mixed by the nuclear-spin-spin interaction with the ortho st8t8). 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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[. INTRODUCTION avoid any confusion, we note that the light-induced enrich-
ment resulting from stimulating conversion of spin species

Nuclear-spin isomers of symmetrical molecules are fascidiffers radically from the previously known separation meth-
nating objects[1]. Their properties are determined by the 0ds, €.g., the light-induced-drift method spatially separates
nuclear-spins deeply hidden in the molecule. Most knowrthe isomerg9].
are the hydrogen isomers that demonstrate anomalous stabil- There is no proof yet that light-induced enrichment of
ity, one year at ambient temperature and presf2ite_atest ~ SPin isomers is feasible. We are aware of only one attempt to
results on hydrogen isomers can be found in qéfﬂ]’ and Verify the proposal$l4]. This involved microwave excita-
references therein. Many other molecules have spin isomeftn of rotational transition in CkF. The experiment did not
too. But, so far their physical properties remain almost ungive a positive result. At the time when this experiment was
known. This makes investigations of spin isomers fundamenperformed, only a qualitative theoretical model of the light-
tally important. Spin isomers have also practical applicainduced enrichment was availale0]. Presently, the under-
tions, e.g., for isomer selective chemical reactighg], orin  standing of the underlying physics has been improved sub-
isomer-enhanced NMR techniqu@ﬁs]_ These app”cations Stantia”y. In view of further eXperimentS in this area it is
are deve]oped So|e|y with hydrogen isomers. Extension t(geSirable to examine the microwave-induced enrichment of
other molecules requires efficient methods of isomer enrichCHsF spin isomers in more detail. This is the goal of the
ment. For a long time enrichment of only hydrogen isomergPresent paper. Existing theoretical models of coherent con-
was possible. Recently a few separation methods for polytrol cannot be directly used for a quantitative analysis be-
atomic molecules have been develofede the revieyy9])  cause these do not account for tedegeneracy of molecu-
that have advanced the field significantly. New enrichmentar states. Accounting for such degeneracy is another goal of
methods are needed for further progress. this paper.

An alternative approach to the problem of isomer enrich-
ment is based on the use of strong electromagnetic radiation
There are two modifications of the method. In the first one
[10,17] (for an earlier discussion of the radiation effects see Previous analysis has shown that significant enrichment
Ref.[12]), the radiation populates specific states of one spirtan be obtained if radiation interacts with the states having
isomer situated in the vicinity of the states of another isometarge population differences. In this context, microwave ex-
which consequently leads to enrichment. In the seconditation is not the best option; but it has some advantages
method[13], enrichment appears due to the combined actioralso. Theoretical description is simpler for pure rotational
of population transfer, dynamical shift of molecular levels, excitation. The level positions are better known for the
and light-induced coherence. The latter metHedherent ground vibrational states. From the experimental side, it is
control of spin isomeflspromises to be more efficient. To easier to find a radiation having proper frequency because of

better frequency tunability of microwave sources.
We start with a brief qualitative description of the phe-
*Email address: chapovsky@iae.nsk.su nomenon. CHF has two types of states, ortho and para,

1. QUALITATIVE PICTURE AND KINETIC EQUATION
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1004 e S AN pu— TABLE I. Positions of levels int3CHzF. Molecular parameters
m' n' are from Ref[15].
- s Notation J,K I  E(m? Frequency(MHz)
3007 _ — m 20,3 3/2  387.1 351.040.16 (' —n’)
—.'g — — n’ 21,1 1/2 387.1
8 — — q 12,1 1/2 1337  596294.28%.013 (—n)
& 200 — — n 111 1/2 1138 130.990.15 (n—m)
g N — m 93 32 1138 596425.280.15 (q— m)
2 — v = —
at m L — n #Notation in Fig. 1.
100+ — —
p— — the ortho-para conversion. Influence of the radiation comes
— — through three major effects: level shiftynamical Stark ef-
e — fect, well known in nonlinear laser spectroscof#s,19),
0 level population change, and light-induced coherence. In
ortho para general, these three effects cannot be separated and these
N . work together.
FIG. 1. Position of rotational levels ofCHzF. Molecular pa- In order to consider a real molecule, the above simplified

rameters are from Ref15]. Two pairs of states important for spin picture has to be developed further. One has to account for
conversion in this molecule are indicated. The small vertical line inthe molecular center-of-mass motion. Although the intramo-
the para subspace indicates microwave excitation of the transitioe|ar mixing does not depend on molecular velocity, the
n—(¢. Two bent vertical lines indicate rotational relaxation. Param-iteraction of the molecule with the radiation does. Conse-
eters of the important states are summarized in Table I. quently, the ortho-para state mixing in coherent control also

shown in Fig. 1. The data in this figure correspond to thed€Pends on molecular velocity.

13CH,F molecule and have been calculated using the mo- Another complication comes from the degeneracy qf mo-
lecular parameters frofiL5]. Spin isomers of CkF are dis- lecular states. Even for the simplest case of pure polarization
tinguished by the total spin of the three hydrogen nudlei, (linear or circulay of the radiation there are many excitation
=3/2 for ortho and =1/2 for para isomers. For ortho iso- channels each having its own absorption coefficient and satu-
mers only rotational quantum numbé¢s=0,3,6 . . . are al- ration parameter. These channels differ by Mejuantum

lowed (K is the projection of molecular angular momentum "UMPer, the projection af on the laboratory axis of quanti-

J on the molecular symmetry axig-or para molecules onl zation. It is impc_)rtant also to keep in mind th‘f"t there are
K=1245 areal?/owed[lsa J P y other degeneracies of states. Each stat&®6H;F in Fig. 1

determined by the set of rotational quantum numbers

K,M), total spin of the three hydrogens,its projections

on the laboratory axis, o, andz projections of the spins of

the carbon and fluorine nuclei, both having spinThe en-
rgy of rotational states of G depends only od andK

quantum numbers if tiny hyperfine contribution to the level

the.se.pawsm—n, and first assume that the_re IS no e).(temalenergy is neglected. We conclude the qualitative picture by
radiation. Suppose that the test molecule is placed into thgummarizing important parameters BCH,F in Table |

ortho subspace. Due to the rotational relaxation caused by A quantitative analysis of the isomer coherent control will

collisions, th‘.a molecule shuttles up an(_j down "?"0”9 the Iadbe performed using the kinetic equation for the density ma-
der of rotational states. Nonmagnetic collisions do not =~ - S
tix p. The molecular Hamiltonian reads

change the nuclear-spin state directly, i.e., the relevant crod
section is zerog(orthgpara)=0. This shuttling along the

rotational states inside the ortho subspace continues until the
molecule jumps to the state. During the free flight after

that collision, the intramolecular perturbatishadmixes the

There are two close pairs of ortho and para states in th%%
ground vibrational state of3CH;F that are significantly \*
mixed by the intramolecular perturbatidhand that are im-

portant for the ortho-para conversion in the molecule. For
qualitative description, let us take into account only one o

H=—(#22mg)V?+Hy+ G+ AV, (1)

Here the first term is the Hamiltonian of the molecular
center-of-mass motiorm, is the molecular mass. The main

para states to the ortho staten. Consequently, the next . LA

collision has a probabilitfusually very sma)jl of transfer- part of the molecular internal '__'arr_"ltO["aHO’ h_as the ortho

ring the molecule to other para states. This localizes the moRNd para eigenstates shown in Fights describes the mo-

ecu|e inside the para Subspace and the Spin Conversion d@ﬂular interactions with the eXterI:]al radiation that will be

curs. This is the mechanism of radiation-free nuclear-spiraken in the form of monochromatic traveling wave,

conversion induced by the intramolecular state mixXifhg] . .

(see also Ref[17)). G=—(Ed/f)cogw t—k-1), 2

In the case of a strong microwave radiation applied to the )
molecular transitiorg-n in the para subspace, mixing of the WhereE, o , andk are the amplitude, frequency,Aand wave
states is affected by the radiation which allows one to controvector of the electromagnetic radiation, respectivdlys the
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operator of the molecular electric dipole momeitis the

intramolecular perturbation that mixes the ortho and para S(“-W:; A(a,v]ay,vi)play,vi)dv,

states in*3CH,zF. The spin-spin interaction between the mo- '

lecular nuclei mixes them-n pair (J=9, K=3-11, 1

[17,20. Them’-n’ pair (20,3-21,1 is mixed by the spin- —p(a,V)% Alag vilavidvy. (7)

spin and spin-rotation interactiojd7,21-23. Accounting

for level degeneracy in light-molecule interactions is, in gen-We consider the model of strong collisions with the follow-

eral, a difficult problem. The simplest case is that of a pureng collision kernel for para molecules:

linear or circular polarization. We will consider electromag-

netic radiation of linear polarization. Ala,v
In the representation of the eigenstatesi:kaf(a state$

and classical description of the molecular center-of-mass

motion, the kinetic equation for the density matpxreads

[18]

ay 1Vl) = Ver(CY)(s(V_Vl) + V[(Saalf(v)v

a,aq € para, €))

and a similar equation for ortho moleculeg,(«) in Eq. (8)
aplat+v-Vp=S—i[G+V,p]. @ s the Boltzmann distribution of rotational state populations
of para molecules,

Here S is the collision integraly is the molecular center-of-
mass velocity. Spontaneous decay is not included in this Wp(a)=Z,§lexF(—Ea/kBT), 9
equation because it is negligible for rotational transitions in
comparison with collisional relaxation. with Z, being the rotational partition functio,, being the
A kinetic equation for the total concentration of para mol- rotational energy of the state;T being the gas temperature;
ecules can be obtained directly from E8g), kg being the Boltzmann constant. The symmetry of;EHb
such that the partition functions for ortho and para molecules
are practically equal at room temperature. Partition functions
2 PrnVarm + 2 pmnVom| AV. account for all degeneracies of statese Ref[17] for more
(4) detailg; f(v) in Eq. (8) is the Maxwell distribution,

&pp/3t=—2ReJ i

Summation in the first and second terms is carried over all 32 -3 2/ 2.

f(v)=7"3% g %exp —V?/vg); = 2kgT/my.
degenerate sublevels of the state§n’ and m,n, respec- V)= o "exH vo)i Vo B0 (10)
tively. In Eq. (4) the total concentration of para molecules,
pp=2afpp(@,v)dv, ae para and a uniform spatial distri-  |n Eq.(8), two relaxation rates were introduced, rotational

bution of molecular density was assumed. Collision integratelaxation (,) that does not affect molecular velocity and
did not enter into Eq(4) because by assumption collisions translational relaxatiom, that equilibrates velocity but does
do not change the molecular spin state, ,/S,,dv=0,  not change the rotational state. Note that the rotational relax-
if @e ortho, orae para.G did not enter into Eq(4) either  ation is accompanied in our model by the relaxatiorMn
because the matrix elements Gf off-diagonal in nuclear- quantum numbers. Note also that the collisions in the model
spin states vanish. do not change the molecular-spin state. The introduction of
The off-diagonal matrix elements,,, and p,,,,» Will be  different relaxation rates for different degrees of freedom
found in perturbation theory. Further we assume the perturmakes the model of strong collisions more accurate and flex-
bations V being small and consider zero- and first-orderible. It allows one to adjust the model to particular experi-
terms of the density matrix, mental conditions. Because of its simplicity, the model of
strong collisions is often used in laser physics and nonlinear
p=p+ pt. ) spectroscopy, see, e.g., Ref48,25,28. Nume;rical values
for the collisional parameters, v,, and v, will be deter-

Collisions in our system will be described by a model thatmmed later.

is standard in the theory of light-molecule interactions. The

off-diagonal elements of have decay terms only, Iil. MICROWAVE ABSORPTION

For the zero-order term of the density matrix one has the
Spur=—Tppar, a#a'. (6) following kinetic equation:

The decoherence ratds are taken to be equal for all off- ap®lat+v-Vp°=L—i[G,p°]. (11
diagonal elements of the collision integral. This assumption

simplifies the theoretical model. Note that the dependence dfhe electromagnetic field is chosen to be resonant to the
the relaxation rates on rotational quantum numbers is knowrnotational transition of para molecules. Consequently, ortho

[24]. molecules remain at equilibrium in the zero-order perturba-
The diagonal elements d& are expressed through the tion theory. For the level populations of ortho molecules one
kernel of the collision integrah in a usual way, has
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pola,v)=(N=pp)wy(a)f(v),

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,

12

(ve+ v Pyl V) = viWy(a) pp(V) + 1 (V) pp( @)

+ PPl Sag— Banls (13
where the excitation probability is defined as
2I'|Ggnl?

0 qn 0 0
=—— n,v)— V). 14
PpP 1ﬂsz(Q_k‘v)z[pp( )=pp(aV)]. (14

In Eq. (13) the notations were introduced,

ppVI= 2 pplav)i ppla)= f py(a,v)dv.

(15)

Equation(14) is written in the rotating wave approximation.
Nonzero matrix elements @& (electric field has linear po-
larization along the axis) are given by

Gan=G(M)e® "=, G(M)=Eyq(d10)q/2%, (16)

where() = w| — wq, is the radiation frequency detuning from
the absorption line centes,,; the bar over a symbol indi-
cates a time-independent factdt;, and d,o are spherical

PHYSICAL REVIEW A 67, 033406 (2003

0.5Aw

Tl(KR)_l+ To— 7'1,

P2

2 (v) p1

=S5 (19
rz+(Q—-k-v)?2 R

where the difference of the Boltzmann factors Asw

=Wp(Nn)—wp(q); the saturation parametar and saturation

intensity Sg ¢ are

S 5 cI'#? 20
K==, SR ——
Ssat’ T 8arry|d(M)|2
the homogeneous linewidth Iz=1"y1+ «, and
I'?f(v)dv
=f - (21
Fg+(Q—k-v)?2

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

In a similar way, one can obtain from the kinetic equation
(11) the off-diagonal density matrix element

0

;;n:_ief_p%[ni(n—kw)]- (22

nq

components of the electric field and electric dipole moment

vectors, respectiveljl]. The matrix element odi;o reads[1]

(d10)gnl = [d(M)[2=(234+1)(23,+ 1)

2 2
IR N T A
-K 0 K/|-M 0o ™M/ "

X

17

where (::1) stand for 3§ symbols andd is the permanent
electric dipole moment of CHF, d=1.86 D[27].

Solution of Eq.(13) presents no difficulty and can be
written in the form

pp(a,V)=pawy(a) f (V) + ppl (7,— 1) p1f (V) + 71p]

X[aaq_ 5an]1 (18)

where the relaxation times arg=(v,+v) %, m,=v 1,

We can now adjust the parameters of the collision kernel
(8). Kinetic equation(11) describes a diffusion process with
the diffusion coefficientD=v3/2v,. The diffusion coeffi-
cient for CHF is D=10? cn?/s at a pressure of 1 Torr. This
determines the velocity equilibration ratep;=4.4
x 10" s~/ Torr.

Attenuation of the radiation is given bfw ppZyp;.
Consequently, the absorption coefficigr{2) is determined
by the expression

X(Q)=hwippST12 py. (23)
In the low-field limit (x—0) it is reduced to
ﬁ(l)L -1

Xiow(2) = Z_HPpAWme% Ssat (24)

and p,=[pdv. We have separated here the field-induced

contributions nonequilibrium ix andv and nonequilibrium
only in «. Solution (18) shows that radiation affects the
population of only two statesy and n. This is the conse-
guence of the accepted simple model of collisions.

The excitation probability can be found from Ed44)
and(18),

WhereRmW:IimSﬁoR is the Voigt profile of the absorption

line. If I'>kv, the absorption line is a Lorentzian of width
I'. Experimental data ony({}) for the rotational 11,1
—12,1 transition can be used to determine the valu&'.of
Equally, broadening of any other rotational transition can be
used because in our collision modé) one has the samie
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FIG. 2. Absorption spectrum near the 14;12,1 line. Numbers
in the graph indicate th& values. The gas pressure is 30 mTorr.  FIG. 3. Saturation of the absorption coefficient at the line center
Low-intensity absorption is shown by the thin line, the casesof of the 11,1-12,1 transition. Gas temperatureTis=295 K.
=100 mWi/cn? is shown by the thick line.

. . . IV. FIRST-ORDER THEORY
for all off-diagonal density-matrix elements. There are ex- ST0 ©

perimental results on broadening of the ortho-ped#8)— The kinetic equation for the first-order term of the density
(11,1 transition obtained from the level-crossing resonancesnatrix p* is obtained from Eq(3),

in 13CH3F nuclear-spin conversion. This experiment gave

the valuel'/P=1.9x 10® s~/ Torr [28,29 that will be used

in the present calculations. The last unknown parameter, ro- aptlot+v-Vpr=S"—i[G,p']-i[V,p°]. (25)
tational relaxation,v,, can be determined, e.g., from the

power saturation of the absorption coefficient. This mforma{)rtho para conversion is determined by the teprhs,, and

tion is not available and we assumme=I". This is reason- ! = pecause zero-order matrix elements off-diagonal in
able, because the pressure broadening in molecules is det@fyclear-spins vanis[see Eq.(4)]. Radiation does not affect
mined mainly by level population quenching, although th'Sthe levelsm’ and n’. Consequently, the matrix element

estimation fory, is probably too high. pros is ot different from the case of the field-free conver-
We can now demonstrate the model at work by conS|derSIOn [17],

ing the microwave absorption b{CHzF. Absorption spec-
trum is determined by the selection rulgés-J+1, K—K.

The spectrum consists of groups of lines nearly equally sepa- iV,
rated by 50 GHz. Inside each group the lines, differeriin Pr = ﬁ[pp(n V) —p%(m’ V)], (26)
are rather dense. The spectrum near the-+1,2,1 line is I'tio

shown in Fig. 2. The two spectra correspond to low radiation

intensity and toS=100 mW/cn? and the gas pressure equal Where o’ =w,/, . The density-matrix elementy,, can be

to 30 mTorr in both cases. obtained from the equations that are deduced from(£5),
Saturation intensity for the 11;212,1 line is equal to

43 W/cnt (M=11) and 6.8 W/crh(M =0) at the gas pres-

1 i1
sure of 1 Torr.Ss,; is proportional to the pressure squared, (9l t+v-V+T)pin—ipmGan
thus at 30 mTorrS,,=6 mWi/cnf. An example of the ab- — 0 )
sorption coefficient saturation is given in Fig. 3. Because the WVl pp(NV) = po(m, V)],

Doppler width of the transition is smalkv,=0.74 MHz,
low-field absorption at the line center depends weakly on
CHsF pressure ifP=100 mTorr. Another example of the
saturation effect is shown in Fig. 4. Here the relative level o _ L -1
population differenced p,(n) — pp(a)1/ppAw is given as a Substltutlons Vo=V, (0=0mn); pmn=pme "
function of radiation intensity. One can see that radiationpy, = pmee' "1, transform Eqs.(27) to algebraic
having S= 100 mW/cn? decreases the level population dif- equatlons that can be easily solved. The density-matrix ele-
ference significantly. ment that one needs for the kinetic equatidhreads

(93t +V-V+T)pia=ipmiGng= ~1Vmupng-  (27)

S [T+i(+ 0 —k-VI[pnV) ~ po(mV)]+1Gqnong.
mn m (T+i)[T+i(Q+w—k-v)]+|G(M)|?

(28)
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1.0 v T v T T T T T

Relative population difference

100

Radiation intensity, S (mW/cmz)

FIG. 4. Saturation of the level population difference normalized

to the field-free population difference. The 14;12,1 transition.
Gas pressureé? =30 mTorr; gas temperaturé =295 K.

Note that the indices,n,q in Eqgs.(28) represent the set of

guantum numbers that describe all degenerate sublevels.

Consequently, one has nonzero terﬁﬁﬁ1 for the combina-

PHYSICAL REVIEW A 67, 033406 (2003

version, the ratey,, originating from the radiation-induced
level population change in E@28), is given by

2p1

=2 |V mnl2

+2Re

[(T2—T1)pP1f(V)

+7p]F.dv]. (32)

Finally, the “coherent” contribution to the conversion rate,
vc, Originating from thezgq in Eq. (28), is

5+ Ref pF,dv|. (33

r

= Vo] -

In Egs. (31), (32), and (33) the following functions were
introduced:

tion of quantum numbers that are allowed by the selection

rules forV.

V. CONVERSION RATES

Solutions for;#,n, and;,lTm together with the level popu-
lations from Eq.(18) and the off-diagonal matrix element
from Eq. (22) allow one to present Ed4) as

(9pp/(9t= N( 'yé)o"' 7p0) ~Pp?;

Y= Ypot YopT Ypot Yop~ Yn~ Ye- (29)

Fl+i(1)l l
F]_: 1_ " " — y
Ntiw |T'1+i(Q+w;—Kk-v)
|G(M)|?
r=r{i+——|,
! ( 24 @?
27 T+ie Ti1+i(Q+w—k-v)’
_ |1 6P a4
W= w - F2+w2 . ( )

The introduced conversion rates can be interpreted as fol-

In this equation we have neglected the small difference belows. Strong resonant radiation splits molecular states,

tween the total concentrat|on of para molecqb%s and its
zero-order approxmatlop The partial conversion rates in
Eqg. (29) have the foIIowmg definition. The field-free conver-
sion rate through the upper level pain, —n’,

2F|Vm o |?
72

Voo™ 2 wo(m’). (30)

Equation fory,, is obtained fromy,,, by substitution of the
Boltzmann factow,(n’) instead ofw,(m’). Summation is
made here over all degenerate substates ofntheand n’
states. The rate,, is given by

Ypo~— 2 |an|2 2

2l +RfFf d
2 e| Fif(v)dv|w,(m).
(31

An equation fory,,, is obtained from that fory,, by substi-
tution the Boltzmann factow,(n) instead ofw,(m). The
ratesy,, andy,, are field dependent. Their zero-field limits

changes level populations, and introduces coherences in the
molecule. The field-dependent partgf, can be considered

as being due to the radiation-induced level crossing. This
term has resonance 8= — w;. The first term ofy, is due

to the population effect. It has the resonanc€lat0 where

the excitation probability has maximum. The second part of
vn is due to the population change and level crossing. It has
two resonances, & =0 and at) = — w4. The coherent con-
tribution vy, also has resonances at these two frequencies.

The two peaks in the conversion rate spectra have rather
distinctive features. The first one,@Qt=0, is quite similar to
the radiation-free conversion rate, e.g,, [Eq. (30)]. In our
casew>I" and the amplitudes of the peaks Qt=0 are
proportional tol’, and thus to the gas pressure. In the limit
w>T", contributions to the conversion rate provided by these
terms are similar to the ordinary gas-kinetic processes that
are proportional to the gas pressure also.

The resonances & = — w; have a completely different
signature that would result from a field free conversion pat-
tern of a degenerate ortho-para level pair. In this case the
conversion rate has I1/dependence, see, e.g., E§0). It

coincide with the field-free conversion rates through the paiallows us to refer to the resonanced bt — w, as produced

of statesm—n. The “noncoherent” contribution to the con-

by the crossing of the ortho and para levels and resulting
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from the applied electromagnetic field. To reveal this prop- T ' ' ' '
erty of the resonances &= — w4, let us estimate the inte-

gral,
B f(v)dv-
I_JF1+i(Q+wl—k~v)’ (35)

-3

[

B

o
T
1

1x10° L
5x10™ | JL

at the radiation frequency)= — w4. In the limit of large [ ]
Doppler broadeningl’;<kv, the integrand in Eq(35) has
sharp resonance at=0. One can substituté(v) by f(0) in
Eqg. (35) and obtainl«1/kv,. Thus, the conversion is pro- ' ; ' ; '
duced through the degenerate ortho-para level fairel
crossing having the width equal to the Doppler widtky .
In the opposite limit of large homogeneous broadening,
>Kkvo, one can negledt-v in the denominator of the inte-
grand(35) and obtainl = 1/I";. Again, this is the conversion
through the crossed ortho and para states but now having the
width I';.

It would be useful to compare the results of the present 4x10° . . .
model with the qualitative mod¢lL0]. This comparison can- 0 50 100 150
not be made directly because in REff0] rovibrational exci- Frequency detuning, & (MHz)
tation of CH;F was considered. But one can apply the idea of
light-induced enrichment solely through the level population FIG. 5. Conversion rates. The upper panel shows the total con-
change and make the comparison. In the present notation¥ersion ratey for the pressure=30 mTorr (thin line) and P
the field effect from the level population change is given by=100 mTorr (thick line). The lower panel shows the field-

. -1
Conversion rate, y (s ')

2x10° e

Conversion rate (s™)

the first term in Eq(32) dependent contribution- (y,+ y.) at the pressure®=30 mTorr
' (thin line) andP =100 mTorr(thick line). The radiation intensity is
2T |V 2 S=100 mWi/cnt.
= . 36 . . . .
Vo= 2 I+ w? 2P (36 HereT,, (q=K,,—K,=2) is the magnitude of the spin-spin

interaction and summation is carried over all nuclear-spin

It gives a larger amplitude for the peak &t=0 than the projections. The value df5 , calculated from the molecular
present model. In the present model one has partial cancediructure is equal to 69.2 kHz. This value is confirmed by the
lation of peaks af) =0, see the first terms in the expressionsexperimen{30]. But in this paper we have to take a some-
for y, and y.. Because of the assumptioi=v,, made in  what smaller value7, ,=64.1 kHz, as it was obtained self-
the collision model we have two times smaller peakiat consistently for the three paramete¥s,, I', and 'yéo [29].
=0 in the present model. The cancellation is less significant Examples of the conversion rates are shown in Fig. 5. The
if T is larger in comparison withy, . upper panel gives the ratefor two pressures, 30 mTorr and

We turn now to numerical calculations of the conversion100 mTorr. The radiation intensity in both cases is equal to
rates in*3CH,F. Contribution from then’ —n’ pair is diffi- 100 mW/cnT. One can see that the peak(at — w; is =3
cult to calculate using Eq(30) directly because of some times larger at 30 mTorr than at 100 mTorr. There is also
uncertainty in the parameters involved. Instead, one can ug¢eak atQ1=0 having “negative amplitude” but it is too
the experimental valuey§0:2.3>< 103 s~ YTorr [28,29 smaI_I to be visible in the upper panel. The lower panel s_hows
and scale it linearly in pressure. Such pressure dependenggee field-dependent rates; (y,+ yc). They are taken with

L e o , e same sign as they contributejtan Eq.(29). One can see
for yp, is valid if I'<w’ [see Eq(30)] which is fulfilled for from this panel that the pressure dependences of the ampli-
the pressure®<10 Torr.

) . tudes of these two peaks are opposite. This is the conse-
Calculation of the ratesy,,, yn, and yc requires the  guence of the crossing of ortho and para state® at— w,

formed by the intramolecular spin-spin interaction between The broadening of the two peaks in the conversion rate is
the nuclei of *CHzF. Dependence o¥,,, on nuclear-spin  very different too. The peak & =0 has broadening similar
variables is easily accounted for by summation because othés that of an ordinary absorption line. At large saturation
factors in Egs.(31)—(33) do not depend on nuclear-spins. parameter, its width is ~2|G| and grows rather fast with
Then, the only remaining degeneracy is in fdequantum intensity. The width of the peak &= —w, is given by

numbers. This quantity reads =I'(1+|G|¥»?). Consequently, the power broadening of
39 g2 this peak is very small at our conditions. Figure 5 illustrates
D V2= (23,04 1)(23,4 1) _Km Kﬂ) the difference in the peak widths.
m 4 VI. ENRICHMENT
2
% Im 2 Jn 2 (37) The solution of the kinetic equatigq29) can be presented
-M’" M'=M M/ "2 as
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' ' ' Broadening of the two peaks in enrichment is very dis-
N i tinctive and is similar to the peaks of conversion rate, al-
though there is some difference. The enrichment pedaR at
=—w, is broader than the peak of because of large/,,
and y,, at resonant frequency in the denominator of Eqg.
(40).

N
T

VIl. DISCUSSION AND CONCLUSIONS

Enrichment, B (%)

We have developed a model of spin-isomer coherent con-
trol that accounts for the molecular-level degeneracy in mag-

0 ! . - - netic quantum numbers. This degeneracy together with the
0 0 100 150 account of molecular center-of-mass motion allows one to
Frequency detuning, Q (MHz) apply the model to real molecules, having the actual level

structure and ortho-para mixing Hamiltonian. The developed

model was used to analyze the microwave induced enrich-

ment of spin isomers if°CH;F. The conversion rate spec-

trum consists of two peaks with the peak(at — w, being

two orders of magnitude higher than the peaklat 0.

_ _ — The enrichment spectrum also has two peaks at the same

Po(t)=ppt(pp(0) = pplexp( = y1), pp=N(¥pot ¥po)/¥,  frequencies. One can obtain 3% enrichment using forbidden
(38 (for ordinary absorptionresonance af)=— w4, gas pres-

_ sure 30 mTorr at room temperature, and radiation intensity
wherep,, andpp(0) are the steady-state and initi@quilib-  s— 100 mwi/cr?. The amplitude of the peak &t=0 is four
rium) concentrations of para moIeCL_JIes, respectively. Enrichyimes smaller. Cooling the gas to 200 K would increase en-
ment of para molecules will be defined as richment to=5% because of the increase of the level popu-

_ lation difference. At higher radiation intensity enrichment
Pp 1 (39 saturates at=5% if the gas temperature &= 295 K and at
pp(0) 7 =7% if T=200 K.
For the practical implementation of the microwave en-
Partition functions for ortho and para isomers of fHare  richment, the use of the peak@t= — w, has several advan-
equal. Consequentlyy,o= Y5, Ypo= Yop @and enrichment, tages. Enrichment here is significantly larger thaif)at0.

FIG. 6. Enrichment of para moleculgsas a function of radia-
tion frequency detuning). Gas pressur®=30 mTorr (thin line);
P=100 mTorr(thick line). In both cases the radiation intensity is
S=100 mW/cnt and the gas temperatureTs=295 K.

B(Q)=

B(Q), can be expressed as Moreover, spurious effects can decrease the enrichment at
Q=0 even further. This can be due to gas heating by radia-
BQ)=(ya+ vy, (400  tion. Note that for the peak & = — w4 absorption is negli-
gible and there is no gas heating. Another spurious effect
which will be used for the numerical calculations 8(}). may be due to the resonant exchange of rotational quanta

One can note from Ed40) that despite the fact that the rates between ortho and para isomers. This effect prevents de-
Ypo @nd y,, have rather large field-dependent passe Fig.  population of one rotational state by radiati@taten in our
(5)], they alone would not produce an enrichment. It can becase in comparison with the population of the statehav-
understood because these field-dependent parts are due to thg nearly equal energy. Again, the peakKbt — w; has the
mixing of states shifted by radiation but having equilibrium advantage of very low absorption coefficient and thus low
populationgsee Eq(31)]. Conversion through the mixing of radiation-induced population change. Finally, a disadvantage
equilibrium populated states does not affect the ortho-to-paraf the peak af) =0 is the spurious absorption by the 11,0
ratio. Examples of the enrichmeg{((2) are given in Fig. 6. —12,0 line (Fig. 2. Although at low pressures this line is
At the pressure 30 mTorr and radiation intensi§  well separated from the 11412,1 line(the gap is 10 MH},
=100 mW/cmd, the enrichment peak & =—w, is =3%  power broadening partially overlaps these lines. On the other
and it is=4 times higher than the enrichment@t&=0. At  hand, theQ)= — w; peak is situated to the blue side of the
larger radiation intensity, amplitude of the enrichment peak11,0—~12,0 line being 120 MHz away from the nearest ab-
B(—w;), saturates at=5%. The peak atl=0 grows to  sorption line(Fig. 2.
=1%. Enrichment obtained by microwave excitation GCH;F

The simplified model that accounts only for the radiation-at reasonable experimental conditions is not larg8%. On
induced level population change predicts a factor of 2 highethe other hand, there are some applications where such en-
peak at{l=0 than the present model. As was discussedichment could be significant, e.g., in spin-isomer-enhanced
above, in the present model one has partial cancellation diMR techniqued8,7]. Note that for the standard 200 MHz
contributions originating from the rateg, and y. which  NMR the difference in Boltzmann factors between Zeeman
results in a smaller enrichment. Another significant differ-states, which determines the amplitude of the NMR signal, is
ence between these models is that the simplified model doesly 3x 107 °. If even a fraction of the 3% isomer enrich-
not predict an enrichment &= — w;. ment would be transferred to the Zeeman level populations it
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would enhance the NMR signal significantly. To avoid anyabsorption af) = — w, directly. At the conditions considered
confusion we note that steady-state isomer enrichment rén the papery(— w;)=6x10 ® cm™! which is rather diffi-
quires that the microwave radiation be present permanentlgult to measure. This value has to be compared with the 3%
If the radiation is turned off the enrichment decays with theenrichment in the coherent control which should not be dif-
radiation-free conversion rate. ficult to measure.

Apart from any possible applications of microwave en-
richment, which are presently too early to discuss, observa-
tion of the microwave enrichment would be important as a
proof-of-principle demonstration of coherent control of spin  The authors are indebted to K. A. Nasyrov for useful dis-
isomers. It is interesting to note also that the isomer enricheussions of the light-molecule interaction theory and to D.
ment at{)=—w; would demonstrate an example of en- Budker for a critical reading of the manuscript. This work
hanced access to weak processes in molecules through is@as supported in part by the Russian Foundation for Basic
mer enrichmenf31]. Suppose one would like to measure the ResearciRFBR), Grant No. 01-03-32905.
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