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Abstract. The nuclear spin conversion in CH3F molecules subjected to an alternating electric field was in-
vestigated experimentally. The conversion rate was found to be almost unaffected by low electric fields
(≤ 200 V/cm) but sharply increased tenfold when the electric field amplitude exceeds the values
(' 800 V/cm) sufficiently high to produce crossings of the ortho and para states of the molecule. A
theoretical model for the molecular conversion in alternating electric field was developed. The results of
the experiment were found to be in a good agreement with the theory.

PACS. 31.30.Gs Hyperfine interactions and isotope effects, Jahn-Teller effect – 32.80.Bx Level crossing
and optical pumping – 34.30.+h Intramolecular energy transfer; intramolecular dynamics; dynamics
of van der Waals molecules

1 Introduction

Conversion of CH3F nuclear spin isomers (relaxation be-
tween molecular ortho and para forms) is governed by the
specific mechanism based on the intramolecular hyperfine
mixing of ortho and para states and collisional interrup-
tion of this mixing. This mechanism of conversion (quan-
tum relaxation) was recently confirmed by a few experi-
mental and theoretical results which are reviewed in [1].
This made the role which CH3F plays in the spin iso-
mer conversion rather unique. CH3F is the first and so
far the only polyatomic molecule in which spin conversion
mechanism was identified. Good knowledge of the isomer
conversion by quantum relaxation is important because
it is likely that similar processes will be found in other
molecules when an investigation of their nuclear spin iso-
mers will be carried on.

One of the important experimental test of the CH3F
conversion mechanism was recently performed by observ-
ing the level-crossing resonances in the conversion of CH3F
molecules subjected to a permanent electric field [2]. In
the present paper we investigate, both experimentally and
theoretically, the spin conversion in 13CH3F molecules
subjected to an alternating electric field.

There are a few reasons for such a study. First, the
level-crossing resonances in spin conversion is a new phe-
nomenon and it is important to study it in a wide range of
experimental conditions. Using an alternative electric field
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instead of a permanent field substantially changes the ex-
perimental arrangement. Second, nuclear spin conversion
in alternating fields, as soon as it will be well understood,
gives the method to influence the spin conversion in time.
Another reason is that in some circumstances it is eas-
ier or even necessary, to apply an alternating electric field
instead of a permanent field, when, for example, internal
metal electrodes should be excluded in the system. It is
known that metal surfaces can affect the conversion of
hydrogen spin isomers [3].

2 Theory of the CH3F isomer conversion

Let us recall that the CH3F molecules exist in the form of
two nuclear spin isomers [4]. The total spin of the three
hydrogen nuclei in the molecule can have the magnitude
either I = 3/2 (ortho isomers), or I = 1/2 (para iso-
mers). Angular momentum projections (K) on the molec-
ular symmetry axis divisible by 3 are allowed only for or-
tho isomers. For para isomers all other values of K are
allowed.

It is useful to start with the essence of the CH3F
isomer conversion. Quantum states of CH3F are divided
into two subspaces, which are the ortho and para states
(Fig. 1). Suppose that at the instant t = 0 a test molecule
is placed into the ortho subspace. Due to collisions with
surrounding gas particles, the test molecule starts to per-
form fast migration along rotational states inside the or-
tho subspace. This is the familiar rotational relaxation.
This running up and down along the ladder of the ortho
states continues until the molecule jumps in the state m
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Fig. 1. Schematic of the ortho and para states of CH3F. Only
one pair of ortho and para states is shown to be mixed by
intramolecular perturbation V . Bent lines indicate the tran-
sitions inside the ortho and para subspaces induced by the
collisions with the surrounding particles.

which is mixed by an intramolecular perturbation with
the energetically close para state n. During the free flight
after this collision, para state n will be admixed to the or-
tho state m. Consequently, the next collision can transfer
the molecule in other para states and thus localizes it in-
side the para subspace. Such a mechanism of spin isomers
conversion was proposed in the theoretical work by Curl
et al. [5] (see also [6]).

The picture given above is for the spin conversion of
free molecule. Isomer conversion induced by a permanent
electric field is essentially the same. One has to take into
account the splitting of the molecular states due to the
Stark perturbation. The isomer conversion induced by a
time dependent perturbation is more complicated. In this
case level energies and spin conversion itself are both time
dependent.

2.1 Stark splitting of molecular states

When an external alternating electric field E0 cosΩt is ap-
plied to the molecule, the following Stark perturbation
term arises,

V̂St = −d̂E0 cosΩt, (1)

where d̂ is the molecular electric dipole moment opera-
tor; E0 is the amplitude of the electric field and Ω is the
frequency of the Stark modulation. Perturbation (1) in-
troduces to the spin conversion an additional time depen-
dence which has not been analysed so far.

Let us divide the molecular Hamiltonian into three
parts

Ĥ = Ĥ0 + V̂St + V̂ . (2)

Here Ĥ0 is the main part of the Hamiltonian of the free
molecule which has ortho and para molecular states as
the eigenstates; V̂ is the small part of the molecular
Hamiltonian which mixes the ortho and para states of the
molecule.

We start by considering the eigen states of the molecule
subjected to an electric field and ignoring the small per-
turbation V̂ in (2). The Stark perturbation V̂St lifts par-
tially the degeneracy of CH3F states by mixing the states
having |∆s| = 1; |∆J | ≤ 1 (see notations of the molecular
quantum states in the Appendix). In the following, we will
consider relatively weak electric fields which produce the
Stark shift on the order of ∼ 1 GHz being much smaller
than the J-splitting (∼ 500 GHz). Consequently, the Stark
mixing of states having |∆J | = 1 can be neglected.

In a standard way [4], by solving the Schrödinger equa-
tion for double degenerate states |α0〉 and |α1〉, one can
find the new eigen states of the Hamiltonian Ĥ0 + V̂St

which accounts now for the Stark perturbation. The new
states (µ-basis) are

|µ〉 ≡ |α, ξ〉 =
1√
2

[|α0〉 − (−1)ξ|α1〉]

× e−i(RµΩ
−1 sinΩt+Eαt); ξ = 0, 1. (3)

Here ~Eα is the energy of free molecule in the degenerate
α-state; ξ is the quantum number of the new molecular
states; ~Rµ = (−1)ξE0|〈α0|d̂|α1〉| gives the Stark shift of
the molecular energy.

2.2 Kinetic equation and the first order solution

Let us turn now to the problem of isomer conversion it-
self. Conversion is described by the kinetic equation for
the density matrix, which has the following form in the
µ-basis

∂ρµµ1

∂t
= Sµµ1 − i [ V̂ , ρ ]µµ1 . (4)

Here Sµµ1 is the collision integral.
In the experiment we are interested in the dynamics of

the total concentration of one isomer species, e.g., ortho,
ρo =

∑
µ∈ortho ρµµ. Equation of motion for this quantity

can be obtained directly from the equation (4)

∂ρo

∂t
= 2 Re

∑
µ∈o,µ′∈p

iρµµ′Vµ′µ. (5)

This equation was obtained assuming that the collisions
cannot provide the ortho-para transitions in the molecule
directly (for more details see [6]).

To proceed further with equation (5), we need to know
the off-diagonal density matrix elements. These elements
are affected, in general, by the time dependence of the ex-
ternal perturbation. On the other hand this dependence
is insignificant if the time scale of the perturbation evo-
lution, which is given by Ω in our case, is relatively slow:
Ω � Γ , where Γ is the decay rate of the off-diagonal
matrix element. In the present experiment this condition
for the quasi-stationary description is fulfilled (see next
section). Thus, the calculation of the off-diagonal matrix
element ρµµ′ can be done in the first order perturbation
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theory similar to [6]. This brings us to the equation which
describes the isomer conversion

∂ρo

∂t
= −

∑
µ∈o,µ′∈p

γµµ′ [ρo −NWµ′(Wµ +Wµ′)−1];

γµµ′ =
2Γ |Vµµ′ |2(Wµ +Wµ′)

Γ 2 + (ωαα′ + (Rµ −Rµ′) cosΩt)2
· (6)

Here N is the total concentration of 13CH3F molecules;
~ωαα′ is the energy gap between the states α and α′ of
free molecule. Wµ is the Boltzmann factor of the molecular
state |µ〉.

In the equation (6) only the ortho-para level pairs hav-
ing very small energy gaps of the order of ~Γ are impor-
tant for the spin conversion. For such level pairs the ratio
of Boltzmann factors Wµ′(Wµ+Wµ′)−1 ' 1/2. Using this
approximation one can solve equation (6) by representing
the concentration of ortho molecules as ρo = N/2+δρo(t).
Consequently, the nonequilibrium part of the concentra-
tion of ortho molecules, δρo(0), created at the instant
t = 0, will relax as

δρo(t) = δρo(0) exp

− ∫ t

0

∑
µ∈o,µ′∈p

γµµ′dt

 . (7)

This dynamics of the spin conversion appears to be rather
complicated. On the other hand, it is simpler in the
time range t � Ω−1. For these large t the integral in
equation (7) grows linearly in time [7] and can be approx-
imated as γStt, where

γSt =
1
T

∫ T

0

∑
µ∈o,µ′∈p

γµµ′dt, (8)

and T being the period of the Stark modulation. Conse-
quently, in this limit one has the exponential decay

δρo(t) = δρo(0) exp(−γStt); t� Ω−1, (9)

where γSt plays the role of the isomer decay rate induced
by the alternating electric field.

2.3 Numerical calculation of the conversion rates

To calculate the conversion rate γSt one needs to know
the molecular level spacing ωαα′ , the matrix elements of
the perturbation V̂ , the decoherence rate Γ and the Stark
splitting of the molecular states. All these data are avail-
able from the publications. Below we review the informa-
tion.

The 13CH3F level energies are analyzed in a few pa-
pers. Most precise molecular parameters for the ground
state of this molecule are given in [8]. It is shown [6,9]
that the mixing of only two ortho-para level pairs is im-
portant for the nuclear spin conversion in 13CH3F. These
level pairs are (J = 9, K = 3)–(11, 1), the gap is 131 MHz,
and (20, 3)–(21, 1), the gap is 351 MHz. At the electric
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Fig. 2. Experimental and theoretical dependences of the
ortho-para conversion in 13CH3F as a function of the electric
field amplitude. Gas pressure equals to 0.20 torr. The Stark
modulation frequency is 950 Hz.

fields used in our experiment, only crossings arising from
the first level pair are essential. The second level pair gives
small and almost field independent contribution to the
rate.

The pair (9, 3)–(11, 1) is mixed by the spin-spin inter-
action between the molecular nuclei [6]. Matrix elements
Vµµ′ in µ-basis can be expressed through the matrix ele-
ments Vαα′ in α-basis [6] using the relation between these
two bases given by equation (3).

Stark effect in 13CH3F was comprehensively investi-
gated in [10]. This allows to calculate the splitting of the
13CH3F levels with high accuracy. The last parameter
needed is the decoherence rate Γ . It was determined in
the reference [2] by fitting the 13CH3F conversion rate at
zero electric field. In the present numerical calculation we
use the value Γ = 1.75× 108 s−1/torr [2].

Numerical calculations of the conversion rate as a func-
tion of electric field amplitude are presented in Figure 2.
Calculations were done for the gas pressure of 0.20 torr.

3 Experimental setup and results

Like in all previous studies of the CH3F spin conversion,
the light-induced drift effect [11] was used to enrich the
spin isomers. The experimental setup is shown in Fig-
ure 3 [12]. The enrichment were produced in the separation
tube (glass cylinder of 1 mm inner diameter and 1 m long)
by a CW radiation of a CO2-laser (model PL5, Edinburgh
Instruments). Power of the laser was 10−15 W. To enrich
the spin isomers of 13CH3F molecules the laser was tuned
to the P32 line in 9.6 µ band of CO2. Its frequency was
stabilized to the CO2 line center. The laser radiation is
absorbed by R(4, 3) transition from the ν3 fundamental
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Fig. 3. Schematic of the experimental setup. Rear sides of the
separation and reference cells are connected to the same ballast
volume.

band of 13CH3F. The absorbing molecules are the ortho
species.

Electric field was created by Stark electrodes attached
outside both the test and the reference cells. These cells
were glass cylinders having 3 mm inner diameter and 8 mm
outside diameter. The Stark electrodes were driven by a
sinusoidal voltage source at the frequency 950 Hz.

Detection of spin isomer concentration was performed
with the help of an additional waveguide CO2-laser tuned
to the same 9P32 line as was the separation laser. Its ra-
diation frequency was stabilized to the center of the ab-
sorption line of 13CH3F. To increase the sensitivity of the
detection we used the differential measurements which
were performed by comparing the intensities of the two
probe beams after the test and reference cells. The two
beams were modulated by a chopper in antiphase at the
frequency 320 Hz and then directed to the same detec-
tor as it is shown in the Figure 3. The differential signal
from this detector was measured by a lock-in amplifier.
To compensate the instability of the probe beam inten-
sity, the intensity after the reference cell was monitored
by additional detector and lock-in amplifier. This refer-
ence signal was used to normalize the differential signal.

In our experiment the same volume in both cells was
used to measure the concentration of spin isomers and
to apply the Stark modulation. It helped us to increase
the “ratio of volumes” (see below) and consequently made
the measurements more accurate. There were no negative
influence of the Stark modulation on differential signal.
On the other hand, Stark modulation at high voltages
decreases the absorption coefficient up to threefold. This
change of the absorption coefficient caused the necessity
to apply the Stark modulation to both, test and reference,
cells in order to keep the balance of the two channels un-
changed.
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Fig. 4. Examples of the spin conversion in 13CH3F. The pres-
sure is 0.20 torr. (a) No electric field applied; (b) electric field
amplitude is equal to 1017 V/cm.

Differential and reference signals were digitized by
ADCs and stored as data files for further processing. As
an example, we show in Figure 4 two records of the en-
richment and decay curves for zero and E0 = 1017 V/cm
electric field amplitudes. One can see the large difference
between the conversion rates in these two cases.

Decay curves at various Stark modulation amplitudes
were fit by the expression a exp(−γexpt) + b in order to
determine the experimental value of the ortho-para con-
version rate γexp in the test cell. Constant part in this
expression accounts for possible offset in the decay signal.
This offset can be caused, for example, by small pressure
rise in the test cell due to the light-induced viscous flow
effect [13,14].

Conversion rate measured in this way (γexp) is not di-
rectly the rate induced by the alternating electric field,
because the electric field does not fill the volume of the
test cell completely. The rate inside the Stark cell (γSt)
was found by the equation [2]

γSt = γexp +
V0

VSt
(γexp − γ0), (10)

where V0 and VSt are the volumes outside and inside the
Stark field, respectively; γ0 is the conversion rate at zero
Stark field. In our setup the volume ratio was V0/VSt =
0.98± 0.05.

Results of the measurements of the spin isomer con-
version rate in 13CH3F molecules in alternating elec-
tric field at the gas pressure 0.20 torr are presented
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in Figure 2. As the error bar, we indicate one standard
deviation. This includes also the systematic errors which
are mainly due to the uncertainty in the ratio V0/VSt. The
conversion rate at zero electric field was found to be equal
(12.0± 0.6)× 10−3 s−1/torr, which is consistent with the
rates found in the previous studies [1].

4 Discussion

As it is seen from the Figure 2 the experimental data are
rather close to the prediction made by the theory. They
both give rates almost constant at low electric field, then
a very sharp rise at the same electric field amplitude and
a plateau of approximately the same height. We stress
that the theoretical curve is not a fit of the present ex-
perimental data, but a calculations based on independent
parameters.

The dependence of the conversion rate on the electric
field amplitude in Figure 3 resembles the dependence mea-
sured for a permanent field [2]. This similarity is counter-
intuitive to some extend because crossings of the ortho-
para level pairs take place only during very short time
intervals. One may expect a more complicated picture of
the spin conversion in this case.

The position of the sharp rise in the curve of the
Figure 2 corresponds to the first crossings of the mag-
netic sublevels of the ortho (9, 3) and para (11, 1) states.
The rise of the conversion in the case of alternating field is
smaller than in the case of permanent electric field. This
can be understood because in alternating field crossing of
states takes place during only a fraction of each period of
Stark modulation.

Experimental rates at the plateau are ' 10% higher
than predicted by the theory. This difference can be at-
tributed to the uncertainty of the theoretical curve. Ac-
curacy of the estimation [2] of the decoherence rate Γ is
about 10%. Accuracy of the matrix elements of the spin-
spin interaction is about 5%. These two factors introduce
the main uncertainty to the plateau height of the theo-
retical curve. Consequently, the difference between exper-
imental and theoretical data at the plateau is too small to
be considered significant at the present stage of the theory
and experiment. We are going to address this matter in a
later study.

Our measurements have shown that Stark effect in al-
ternating electric field can be used to influence the CH3F
conversion in time. It indicates also that care should be
taken if a detection method is based on the Stark modu-
lation of the absorption coefficient. Thus an electric field
having amplitude below ∼ 200 V/cm can be used rather
safely, whereas higher fields can substantially affect the
CH3F spin conversion.

5 Conclusion

The measurements of the nuclear spin conversion induced
by an alternating electric field have been performed. Sim-
ilar to the CH3F spin conversion in permanent field [2],

it was found that the conversion rate is significantly in-
creased when the electric field amplitude reaches the
value sufficient to cross the ortho and para states of the
molecule.

Theoretical model of the CH3F spin conversion in-
duced by an alternating electric field has been developed.
The experimental data were found to be in a good agree-
ment with the calculations in the first order perturbation
theory.
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A Appendix

A.1 Stationary molecular states

CH3F is a rigid symmetric-top molecule which has C3v

symmetry. Nevertheless, its quantum states are most
transparent to classify by D3h symmetry group taking into
account the molecular inversion also. Spin-rotation states
in the ground electronic state of CH3F can be constructed
as follows [15,16]. Let us introduce the states which are
invariant under cyclic permutation of the three hydrogen
nuclei

|β〉 ≡ |J,K,M〉|I, σ,K〉,
|β〉 ≡ |J,−K,M〉|I, σ,−K〉; K ≥ 0. (A.1)

Here |J,K,M〉 are the usual rotational states of
symmetric-top characterized by the angular momen-
tum (J), its projection (K) on the z-axis of the molec-
ular system of coordinates and the angular momentum
projection (M) on the quantization Z-axis of laboratory
system of coordinates. I and σ are the total spin of the
three hydrogen nuclei and its projection on the Z-axis,
respectively. The explicit expressions for the spin states
|I, σ,K〉 are given in [15]. They specify the allowed K-
quantum numbers for the ortho and para spin isomers as
explained in Section 2.

Permutation of any two hydrogen nuclei in CH3F in-
verts the z-axis of the molecular system of coordinates.
Such permutations, e.g., the permutation P23, acts on the
state |β〉 as P23|β〉 = (−1)J |β〉. Because the states |β〉 are
invariant under cyclic permutation of the three hydrogen
nuclei, similar result is valid for the other two permuta-
tions of hydrogen pairs: P12 and P31.
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States |β〉 and |β〉 generate two-dimensional represen-
tation of the molecular symmetry group. Spin-rotation
states, which generate one-dimensional representa-
tions are

|β, κ〉 ≡ 1√
2

[(−1)κ + P23] |β〉; κ = 0, 1. (A.2)

The symmetry of states |β, κ〉 is determined by the rule:
P23|β, κ〉 = (−1)κ|β, κ〉 and by similar relations for the
permutations of the other two pairs of protons.

Furthermore, one has to take into account the molec-
ular inversion states. Let us designate the antisymmetric
and symmetric inversion states of the molecule as |s = 0〉
and |s = 1〉, respectively. Permutation of two protons,
e.g., P23, acts on the inversion states as [16]

P23|s = 0〉 = −|s = 0〉; P23|s = 1〉 = |s = 1〉. (A.3)

Cyclic permutations of the three hydrogen nuclei in the
molecule do not change the inversion states.

The total quantum states of CH3F have to be antisym-
metric under the permutation of any two hydrogen nuclei
because protons are fermions. Consequently, the only al-
lowed molecular states are |β, κ = s〉|s〉.

In the last step one has to take into account the
spin states of the fluorine and carbon (13C) nuclei, both
having spin 1/2. Finally, the molecular states are

|αs〉 ≡ |β, κ = s〉|s〉|σF〉|σC〉; s = 0, 1, (A.4)

where σF and σC denote, respectively, the projections
of the fluorine and carbon nuclear spins on the labora-
tory quantization Z-axis. The states (A.4) of free molecule

will be denoted as α-basis. For rigid symmetric-tops, like
CH3F is, the states |αs〉 are degenerate in the quantum
numbers M , σ, σF, σC and s.
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