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Abstract. A new method is proposed for the experimental determination of the hyperfine coupling in
molecules. The method is based on the level-crossing effect in the spin isomer conversion in alternating
electric fields. An experiment performed with the *CH3F molecules has revealed the strength of the off-
diagonal in K (AK = 2) nuclear spin-spin coupling 69.6 + 1 kHz, which is only by 0.4 + 1 kHz larger than
the theoretical value calculated on the basis of the molecular structure.

PACS. 31.30.Gs Hyperfine interactions and isotope effects, Jahn-Teller effect — 32.80.Bx Level crossing
and optical pumping — 33.15.Dj Interatomic distances and angles

1 Introduction

There is a significant amount of experimental and theo-
retical data which proves that ortho-para conversion in
CH3F is governed by quantum relaxation (for the review
see [1]). This specific type of relaxation has two main in-
gredients: intramolecular mixing of ortho and para states
and interruption of this mixing by collisions. One can ex-
pect similar mechanism of conversion in other polyatomic
molecules. A possible application of this phenomenon is
to study an intramolecular hyperfine coupling making use
of the fact that it is responsible for the ortho-para mix-
ing. Such a method would be complementary to those de-
veloped in high-resolution spectroscopy because it would
supply information hardly accessible in another way. As
an example we refer to the proposal [2] to use the CHsF
isomer conversion to measure a transverse anisotropy of
the spin-rotation hyperfine interaction in this molecule.

Mixing of many ortho-para level pairs usually con-
tributes to the isomer conversion which complicates the
analysis of the process. An efficient way to disentangle
these contributions is to use the level-crossing effect [3]
and to measure the conversion spectra. It allows, in prin-
ciple, to reveal the intramolecular hyperfine coupling for
each individual ortho-para level pair. This approach was
proven to be feasible in references [3,4] where nuclear spin-
spin coupling was determined with the accuracy ~ 10%.
Naturally, the question arises whether this accuracy can
be improved further.
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One way to solve the problem would be to improve the
measurements of the conversion spectra. Unfortunately,
it appeared to be not easy. There are two experimental
arrangements proposed so far. The first one [3] consists in
measuring the conversion spectrum point by point. The
main drawback is that one has to take many points at
well-defined experimental conditions in order to be able
to fit the complicated spectrum of the isomer conversion.

Measurement of the conversion spectra using contin-
uous scanning of electric field was demonstrated in refer-
ences [5,6]. The spectrum resembles both the theoretical
curve and the spectrum taken point by point in [3]. Un-
fortunately, an exact meaning of “y-axis” of the spectrum
obtained by continuous scanning remains uncertain at the
moment. The signal is resulting from a complicated inter-
play between an enrichment process and isomer conversion
which is difficult to calibrate experimentally or describe
theoretically.

Recently it was demonstrated [7] that the CH3F spin
conversion can be controlled in time by using an alternat-
ing electric field to produce ortho-para level crossings. An
adequate theoretical model of the conversion in an alter-
nating electric field was also proposed in [7]. This work
opens up a variety of new possible applications of the spin
conversion in molecules. The goal of the present paper
is to demonstrate that the spin conversion in alternating
electric field having a specific form and high homogene-
ity (both different from that used in [7]) can serve as a
new approach to the problem of precise measurement of
the hyperfine coupling in molecules. As will be shown be-
low, the method appeared to be rather accurate, relatively
simple and free from many disadvantages of the previous
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approaches. The theory and experiment in the present pa-
per are done for the > CH3F molecules.

2 Theory

The CH3F molecules exist in the form of two nuclear spin
isomers [8]. 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 isomers). Angular mo-
mentum projections (K) on the molecular symmetry axis
divisible by 3 are allowed only for ortho isomers. For para
isomers all other values of K are allowed. Consequently,
the rotational quantum states of CH3F are divided into
two, ortho and para, subspaces.

The essence of the CH3F isomer conversion can be
briefly described as follows. Suppose that at the instant
t = 0 a test molecule is placed into the ortho subspace.
Due to collisions with surrounding gas particles, which
cannot change molecular spin state, the test molecule
starts to perform rotational relaxation inside the ortho
subspace. This running up and down along the ladder of
the ortho states continues until the molecule jumps in the
state m 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 ortho state m. Consequently, the next collision can
transfer the molecule in other para states and thus local-
izes it inside the para subspace. Such a mechanism of spin
isomers conversion was proposed in the theoretical work
by Curl et al. [9] (see also [10]).

Quantitative description of the process can be per-
formed in the framework of density matrix formalism.
It was shown [10] that relaxation of a nonequilibrium
concentration of, e.g., ortho molecules, dp,(0), created
at the instant ¢ = 0 will decay exponentially: dp,(t) =
0po(0) exp(—~t), with the rate
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Here the summation was made over all ortho-para level
pairs. I, is the collisional decay rate of the off-diagonal
density matrix element p, (o € ortho, o € para); 1%
is the intramolecular perturbation which mixes the ortho
and para states; waos is the gap between the states |a)
and |o’); W, and W, are the Boltzmann factors.

The level-crossing effect in isomer conversion [3] ap-
pears if one crosses the ortho and para states, by using,
e.g., an external electric field. In the low pressure limit,
I' < w, such crossings produce sharp rise of the conversion
rate, as it is evident from equation (1). Scanning of the
electric field gives the conversion spectra. Analysis of the
conversion spectra allows, in principle, to find out all pa-
rameters of the model. Nevertheless, the difficulties remain
because each peak in the conversion spectrum is charac-
terized by its position, width and height. Consequently,
one should perform complicated measurements of the line
profile of each peak. There is also the problem of the over-
lapping of different peaks in the conversion spectra. The
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situation is quite similar to classical spectroscopy with
one important difference that measurements of the con-
version spectra are more complicated at present than in
spectroscopy.

Let us turn now to the essence of the method proposed
in this paper. First we note that an integral over all fre-
quencies of any individual peak in equation (1) does not
contain I" any more. Indeed, one has

r
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Here we dropped for simplicity the indexes which spec-
ify the molecular states. This result constitutes the well-
known fact that the area under a Lorentzian curve does
not depend on the line width [11]. The relation (2) is in
the heart of our method. In short, one should mimic the
integration over frequency by measuring the conversion
spectra in an alternating electric field adjusted such that
molecule pass many times through the profile of each level-
crossing resonance during the conversion process. Such ex-
perimental arrangement should make the contribution to
the conversion arising from each level pair being indepen-
dent on I" and position of the peak. Let us consider this
process in more detail for a single ortho-para level pair.
Similar to the reference [7] one can show that if the fre-
quency of an alternating electric field responsible for the
level crossings is much larger than the conversion rate, the
isomer conversion is exponential with the decay rate, vsg,
given by the expression

——/T2”W2(W+W) 3)

where w(t) is the frequency gap between the ortho and
para states which is now time dependent due to the time
dependent Stark effect. T' is the period of Stark modula-
tion.

In case of triangular type Stark modulation, the fre-
quency gap is given, at first order of the Stark effect, by

w(t) = wo + Rf(1), (4)

where wg is the gap between the states without electric
field; R is the amplitude of the Stark modulation; f(t) is
a periodic function shown in Figure 1.

It is easy to calculate integral (3) with w(t) from (4).
Note that the two halves of the period gives equal inte-
grals. Thus one has

V2 (W + W)
Vst = T

« Jotan (222) — st (225Y] g9

If the electric field is large, R > {wo, '}, the conversion
rate becomes equal

wo +

o= 7L o w), (6)
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Fig. 1. Modulation func-
tion used in the experi-
107 ment. Frequency of mod-
ulation equals to 50 Hz.

and does not depend on I" and wg. However, it is not prac-
tical to make the Stark modulation amplitude R extremely
large. Consequently, one cannot eliminate the pressure de-
pendence completely. The expression for yst up to the first
order correction is

2 /
_W(W2£>; R*> (W +1?).

(7)

Vst

This pressure dependence is weak because usually I' < R.
Equation (7) gives simple intuitive picture of the difference
between the conversion spectra in DC electric field and in
AC electric field proposed here. The height of each peak
in conversion spectra is proportional to 1/I" (see Eq. (1)).
Thus the knowledge of the decoherence rate, I, is essen-
tial for determination of the strength of the ortho-para
mixing from the conversion spectra in a DC electric field.
Contrary to that, by using the alternating electric field,
one has a conversion rate in which the I'-dependent term
is a small correction. Even more, this pressure dependence
can be eliminated if one extrapolates sy to zero pressure
(I' =0).

Let us consider now the 3CH;3F isomer conversion in
more detail. There are only two ortho-para level pairs
which almost completely determine the isomer conver-
sion in this molecule. The most important level pair (J =
9, K = 3)-(11,1) has the gap 131 MHz. The level-crossing
spectrum of the isomer conversion in a DC electric field [3,
12] produced by the crossings of magnetic M-sublevels of
this level pair is shown in Figure 2. The second important
level pair (20,3)-(21,1) has a larger gap (350 MHz) and
consequently has its peaks well outside the electric field
range shown in Figure 2. The amplitude of each peak of
the spectra in Figure 2 is given by

2
Faa/

(J' K 2,¢| ] K)* (T, M, 2, M=M'|J, M)*| T o |*
(8)

Here (---|---) stands for the Clebsch-Gordan coefficient;
T2,y is the strength of the off-diagonal (¢’ = K — K') spin-
spin coupling in "*CH3F: for more detail about ortho-para
spin-spin mixing in '3CH3F and on the conversion spectra

X (Wo + W) .
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Fig. 2. “Conversion” spectrum for the isomer conversion in
13CH3F. Gas pressure is equal to 0.1 torr.
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in a DC electric field see [10,12]. The value of T calculated
on the basis of the 3CH3F vibrational ground state aver-
aged structure: rop = 1.390(1) A, 7oy = 1.098(1) A, and
B(F—C—H) = 108.7(2)° [13,14] reads

Ty,2 =69.2+0.2 kHz. (9)
In our experiment the available amplitude of Stark modu-
lation was limited by electric breakdown of the CH3F gas.
The right choice of the Stark amplitude R should be such
that scanning of an electric field ends up in the middle be-
tween two peaks in the conversion spectra [15]. We have
chosen the electric field amplitude equal to the amplitude
of 1070+10 V /cm. This scanning range is indicated in Fig-
ure 2.

The numerical calculation of the conversion rate sy in
an alternating electric field was done on the basis of equa-
tion (5) which was applied to all magnetic sublevels of the
ortho-para level pair (J = 9, K = 3)-(11, 1). The contribu-
tion to the rate arising from the level pair (J = 20, K = 3)-
(21,1) appeared to be small (10% at 0.5 torr) and propor-
tional to pressure. Furthermore, the contribution to the
conversion from this level pair disappears if one extrapo-
lates the conversion rate to zero gas pressure. The results
of the calculation are given by the dashed line in Figure 3.
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Fig. 4. Schematic of the experimental setup. The two weak
(probe) beams are modulated in antiphase by a chopper and
are sent to the same detector (2). The reference cell and the
rear side of the separation cell are connected to the same ballast
volume to ensure an equilibrium isomer composition; (1)-Stark
cell; (3)-lock-in amplifier

3 Experiment

Schematic of the experimental setup in shown in Figure 4.
In contrast to the previous experiment with an alternating
electric field [7] the level crossings are now produced in a
separate Stark cell (the same cell was used in [3]). This
change was made in order to avoid an uncertainty in the
electric field strength which is present if one uses external
Stark electrodes. The Stark cell was made from a glass
cylinder of 4.22 mm high and 19 mm of inner diameter
sealed off by two flat gold coated glass plates which served
as Stark electrodes. Triangular shape electric voltage was
applied to the Stark cell from a high voltage amplifier
which was driven by a Philips PM5193 programmable syn-
thesizer.

As in the previous experiments on CH3F spin isomers,
we used the Light-Induced Drift effect [16] for the spin
isomer enrichment. It was done in a glass capillary (1 mm
inner diameter, 1 m long) by a 210 W beam from a COo-
laser (PL5, Edinburgh Instruments) tuned to the 9P32
line. This radiation is absorbed by the R(4, 3) line from
the v3 vibrational band of 13CH;3F. Relative positions of
the COs-laser lines and absorption lines of CH;3F see,
e.g., in [17]. The detection of the spin isomer concentra-
tion was performed with the help of an additional, fre-
quency stabilized, waveguide COs-laser tuned also to the
9P32 line. Example of the enrichment and decay is given
in the Figure 5. Such curves were recorded for various
pressures with and without Stark field. The isomer decay
rate (Yexp) was found by fitting the decay part by the ex-
pression a exp(—7expt) + b, where the term b accounts for
the possible offset in the signal. Similar processing was
performed in [7].

4 Results and discussion

As was concluded above, one should extrapolate the con-
version rate ygy to zero gas pressure. It is clear that this
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Fig. 5. The isomer enrichment and decay curves. The gas pres-
sure equals to 0.5 torr; (a)-without electric field; (b)-electric
field was switched on in the course of the decay.

value of s will contain also a “wall contribution” in ad-
dition to the bulk contribution, which we only need. The
wall contribution can be determined from the pressure de-
pendence of the conversion rate without electric field. Re-
sults of these measurements are given in Figure 3. These
data are well fit by a linear pressure dependence of the
form

v = (0444 0.11) x 1073 + (12.1 4 0.6) x 1073P.  (10)

Here the rate is in s™! and P is a pressure in torr. In (10)
and below we indicate one standard deviation of statistical
error. The y intercept of the pressure dependence (10)
gives the wall contribution to the rate in our setup: (0.44+
0.11) x 1073 s~

Stark electric field fills only part of the test cell vol-
ume. Consequently, the measured “field-on rates”, Yexp,
should be processed in order to find the conversion rate
inside the Stark cell, «g¢. This point needs careful con-
sideration. If the diffusion equilibration inside the test cell
would be much faster than the conversion rate (the steady-
state case) the conversion rate would be [3]

’Yét = Yexp T+ “/v/_o(’)’eXp*'YO)a (11)
St

where Vgi and Vj are the Stark cell volume and the rest of
the test cell volume, respectively; yexp and g are the mea-

sured rates with and without electric field, respectively.
In fact, diffusional equilibration in the test cell is not
infinitely fast. One can model the diffusion process by as-
suming the test cell in the form of two volumes: Vg; and V}
connected by a small volume canal which has in our setup
the cross-section s = 0.8 mm? and the length [ = 4 cm.
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An account of the diffusion in such a system leads to the
following expression for the conversion rate

’Yét + ’Yexp'YOTd
Vst =

- , 12
1 + (’YO - 'Yexp)’rd ( )

where 74 = Vpl/Ds is the diffusion time in the system; D
is the diffusion coefficient. Equation (12) gives ~ 4% big-
ger values at the gas pressure 0.5 torr in comparison with
equation (11). One may note that this correction disap-
pears if the gas pressure is extrapolated to zero because
7q — 0. This is one extra reason to perform an extrapola-
tion of the conversion rates to zero gas pressure.

The conversion rates, 7s¢, are given in Figure 3. They
are well approximated by a linear pressure dependence.
The y intercept of the fit after subtracting the wall con-
tribution is (19.7 4 0.6) x 104 s~1, which corresponds to
the hyperfine coupling equals to 69.6 + 1 kHz. This re-
sult being compared with (9) gives the difference between
experimental and theoretical values of the spin-spin inter-
action in *CH;3F

Toxp — Tineor = 0.4+ 1 kHz. (13)
Thus we can see that these values are identical within the
experimental error. It gives the quantitative test of the
isomer conversion in '*CH3F by quantum relaxation.

The interesting point is to which extend the iso-
mer conversion can be useful for the verification of the
molecular structure. This goal can be reached only if the
accuracy of the measurements would be considerably im-
proved to be able to compete with the present very accu-
rate methods [18]. On the other hand, present accuracy
of the isomer conversion experiment is already sufficient
to distinguish between the molecular equilibrium () and
ground state averaged (r,) structures, which correspond,
respectively, to

Too(re) = 71.6 £ 0.4 kHz; Tpo(r,) = 69.2 + 0.2 kHz.
(14)

These theoretical values should be compared with the ex-
perimental one, 69.6 = 1 kHz. It is clear that the molecu-
lar ground state averaged structure is relevant to the iso-
mer conversion because of very fast molecular vibration in
comparison with the conversion.

5 Conclusions

We have proposed a new method for the measurements
of the intramolecular hyperfine coupling based on the
conversion of nuclear spin isomers. It consists in the use of
the level-crossing effect in isomer conversion induced by
an alternating electric field. We performed measurements
for the ¥CH3F molecules which results in accurate deter-
mination of the nuclear spin-spin coupling off-diagonal in
K (AK = 2). The experimentally determined hyperfine
coupling term differs from the theoretical value calculated
on the basis of the molecular structure by 0.4+1 kHz only.
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(One standard deviation of statistical error is indicated
here.) This result provides the most stringent present test
of the theory of the isomer conversion in '3CH;F.

In this paper we concentrated mainly on testing the
feasibility of the proposed method and did not spent too
much efforts on polishing the measurements themselves.
Even in this first trial, the method has allowed to deter-
mine the hyperfine coupling with the accuracy of 1 kHz.
Further improvement of the experimental accuracy by fac-
tor of 10 is possible at relatively low cost.
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