
exists regarding the solution construction within the Grad ±
Shafranov equation method. The point is that the location of
singular surfaces, at which critical conditions should be
formulated, is not known beforehand and itself must be
found from the solution to the problem. Moreover, it is
impossible to generalize this approach to the case of
nonideal, nonaxially symmetric and nonsteady flows. So it is
not surprising that most investigators, who are primarily
interested in astrophysical applications, have recently
focused on a totally different class of equations, namely, on
time relaxation problems, which can only be solved numeri-
cally [19]. Here, we would only like to hope that the key
physical results obtained using the Grad ± Shafranov equa-
tion, which, naturally, are independent of the computing
method, are not forgotten.
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Coherent light scattering stimulated
by a quasi-static electric field

V N Ochkin, S N Tskha|̄

1. Introduction

This work concerns radiation arising from the dipole-
forbidden molecular transition in the case of nondegenerate
four-wave interaction. One wave being unrelated to light
emission, its frequency is zero or close to zero. Parallel
monitoring of scattering intensity and anti-Stokes signal
intensities during a degenerate CARS process provides for
the absolute measurement of the static field strength, while
polarization measurements permit us to determine its direc-
tion. Due to the coherent and multiphoton nature of the
scattering process, the application of this approach, unlike
other known methods of Stark spectroscopy, makes it
possible to measure field characteristics in gases and plasma
under elevated pressure. In what follows, we give examples of
measurement in gas discharges.

In the presence of an electric field in an isotropic medium
for centrally symmetric particles, the selection rules for dipole
transitions can vary. E Condon [1] was the first to demon-
strate as early as 1932 that the description of such transitions
may be analogous to the description of Raman scattering of
light at a scattered wave frequency tending to zero (constant
field). Later on, spectroscopic constants were calculatedmore
precisely based on the measurements of electric field-induced
absorption of infrared (IR) radiation by homonuclear
molecules H2, D2, and N2 [2 ± 5].

Progress in laser technology and nonlinear optics gave rise
to many works on the generation of coherent harmonic and
mixed-frequency radiation, including generation in an exter-
nal electric field that permits us to ease the alternative
forbidding. Early studies [6 ± 8] have helped to elucidate the
generation of radiation at the difference frequency during
stimulated Raman scattering (SRS) of light from ruby and
neodymium lasers in H2 in an electric field. SRS is known to
have a high transformation threshold; in experiments [6, 7],
generation of radiation occurred at hydrogen pressure
p > 5:5 atm. This and the fact that the limitation on the
spectrum is only imposed by strongest transitions make it
very difficult to use SRS for quantitative measurements.

This paper reports studies on electric field-induced IR
radiation in hydrogen using biharmonic pumping of vibra-
tional transition and the application of this radiation to
measuring field parameters, in particular, for the diagnostics
of gas-discharge plasma.

2. Method. Experimental technique

We shall consider electric field-induced transitions as pro-
posed by Condon [1], i.e., by analogy with the well-developed
scheme of coherent anti-Stokes Raman scattering (CARS)
(see, for instance, monograph [9]). Figure 1 represents
schematically degenerate (a) and nondegenerate (b) CARS
transitions along with coherent IR transition (c) induced by
field E (o � 0). In CARS spectroscopy, biharmonic pumping
by two waves of laser lighto1 ando2 (such that the frequency
difference o1 ÿ o2 � O corresponds to the frequency of
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Raman-activemolecular transition i! f) results in resonance
excitation of coherent molecular vibrations from which one
of the waves is scattered (the wave with frequency o1 in
Fig. 1a). Evidently, the scattered wave may be of a different
frequency (nondegenerate CARS, o3 6� o1, Fig. 1b). We are
interested in a limiting case with o3 � 0 (constant electrical
field, Fig. 1c).

Degenerate CARS intensity is described by the expression
[9]

ICARS �
�� w �3�CARS

�� I 21 I2 ; �1�

where w �3� is the third-order susceptibility, while I1 and I2 are
laser beam intensities.

To continue the analogy with the traditional phenomen-
ological CARS scenario, the intensity of E field-induced
radiation under biharmonic pumping can be presented in
the form [10]

IO �
�� w �3�O

��2I1I2E 2 : �2�

The physical sense of generation of IR radiation is rather
simple. In the absence of a field, the transition is parity-
forbidden; in its presence, the combining states `mix in' with
electronic states of a different parity [11].

This relationship was experimentally verified using an
installation based on a standard CARS spectrometer as
described in Refs [12, 13]. An Nd:YAG laser with a
wavelength of 1.06 mm, pulse-repetition frequency 20 Hz,
and pulse duration 10 ns served as themaster generator, while
radiation of the second harmonic l � 532 nm represented the
reference signal (wave o1). The spectral line width was
0.2 cmÿ1, beam diameter 7 mm, and pulse energy 40 mJ. The
same radiation was utilized to pump a dye laser in which a
mixture of pyridine-1 and DCM dissolved in dimethylsulf-
oxide (DMSO)wasmade to cause lasing at l � 683 nm (wave
o2) with a pulse energy of 3 mJ. The width of laser line was
0.2 cmÿ1, and the beam 2.5 mm in diameter.

Frequency difference o1 ÿ o2 � O corresponded to the
frequency of Raman-active vibrational ± rotational transition
Q(1) of the hydrogen molecule (n � 0, J � 1! n � 1, J � 1)
in the ground electronic state X1S�g (l � 2:41 mm).

Beams o1 and o2 were superimposed collinearly with the
aid of dichroic mirrors and focused onto the object under
study. The direction of linear polarization of the laser light
was controlled and could be varied. In calibration experi-
ments, the directions of the constant field (2.5 ± 4 kV cmÿ1)
and laser beam fields were parallel. Hydrogen pressure ranged
from 1 to 10 atm.

The IR signal of coherent Raman scattering generated in
the cuvette was separated from the pumping beamso1 ando2

and from higher orders of coherent Stokes scattering by
means of the system of filters.

IR radiation was recorded with a cooled InSb detector.
The detected signal was accumulated, averaged using a
BOXCAR integrator, and registered on a recorder. In order
to detect a CARS signal, a mirror was introduced into the
light beam to deflect radiation toward the photoelectric
multiplier. In another experimental run, the up-conversion
schemewas employed, in which the infrared lightmergedwith
pumping waveo1 in a LiNbO3 crystal, and the radiation with
a wavelength of 435 nm was recorded by the photomultiplier.

Direct detection of coherent IR radiation permitted the
recording of an electric field strength as small as 50 V cmÿ1 at
a hydrogen pressure of 1 atm, compared with 20 V cmÿ1 using
the up-conversion technique. In either case, the sensitivity of
detection was limited by the electrical noise from Nd :YAG
laser power supply.

According to expression (2), the IR signal amplitude
shows linear dependence on pump wave intensities, and
quadratic dependence on the constant electric field strength.
Strong biharmonic pumping may give rise to processes
related to the motion of level populations that tend to distort
these dependences. Additional experiments were undertaken
to be convinced of the lack of such nonlinearities. The laser
radiation power was varied employing neutral light filters and
monitored with the aid of an IMO-2N power meter. Testing
measurements demonstrated that the dependences in hand
were well-described by expression (2) within experimental
error.

Of primary importance is the fact that susceptibilities in
Eqns (1) and (2) are the functions not only of polarization
directions and frequencies (which it is easy to verify) but also
of the populations of Raman levels i and f for IR transition.
Field strength measurements give ambiguous results whenNi

andNf populations are unknown. It should be noted that this
difficulty is intrinsic in all Raman scattering scenarios. By
way of example, special measures are needed for traditional
CARS to minimize particle redistribution between different
levels under the effect of strong laser pumping. Population
redistribution is characteristic of plasma conditions and
chemical reactions, which is difficult to take into account
in the absence of thermodynamic equilibrium. Fortunately,
the measuring procedure under consideration permits us to
overcome this problem due to the parallelism between the
generation of IR radiation during dipole-forbidden transi-
tion and anti-Stokes radiation in the traditional degenerate
CARS scenario. Because susceptibilities in relationships (1)
and (2) show similar dependence on populations, viz.
w �3� / �Ni ÿNf�, the intensity ratio IO=ICARS depends only
on the electric field strength squared and does not depend on
the particle number density at levels i and f. It means that
simultaneous recording of intensities IO and ICARS allows for
the absolute measurement of the field strength even when
strong biharmonic pumping or other factors induce popula-
tion variations at the molecular vibrational levels. This is true
on condition that the electric field nonuniformity has a
characteristic scale larger than the spatial resolution of the
measurements. It is worth noting, to illustrate the local
character of the measurements, that the spatial resolution of
the experimental setup used in the present study depended on
the size of the laser beam waist and was approximately
0.1 mm transversely, and 1 mm along the beam path.

An alternating electric field of frequency o can also
function as field E. In this case, the IR radiation is generated
at side frequencies oO � o1 ÿ o2 � o, and its intensity is
proportional to the square of the oscillating field amplitude.

o1 o2 o1

oa�2o1ÿo2

f
i

o1 o2

E

oO � O
f
i

o1 o2 o3

oa�o1� o3ÿo2

f
i

a b c

Figure 1. Schematics of degenerate (a) and nondegenerate (b) CARS

transitions and generation of IR radiation in the presence of an electric

field (c).
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3. Polarization properties

To study polarization properties of the electric field-induced
coherent IR radiation, the experimental setup was equipped
with polarizing elements, i.e., two Fresnel rhombi to rotate
the plane of polarization of laser beams, and a Glan prism to
serve as the analyzer [14].

A series of measurements were performed to determine
the direction of field polarization in the cell at varying angles
between the laser light's planes of polarization and the
constant field direction.

Signal polarization in the case of nondegenerate four-
wave mixing [9] is written as

P
�3�
O �6EE1E2

h
w �3�1122e�e1e�2� � w �3�1212e1�ee�2� � w �3�1221e

�
2�ee1�

i
;

�3�
where E, E1, and E2 are field strengths, e, e1, and e2 are unit
vectors showing directions of the constant field and
pumping waves o1 and o2, respectively, and wi j k l are the
components of the nonlinear susceptibility tensor. Suscept-
ibilities w �3� in formulas (1) and (2) are the tensors of fourth
rank with the 81 components. However, only three of them
are independent because of isotropic medium symmetry:
w1111 � w1122 � w1212 � w1221. For totally symmetrical vibra-
tions, specifically for an H2 molecule in the ground electronic
state, one has w �3�1212 � w �3�1221. In this case, only two independent
components of the nonlinear susceptibility tensor will be left
over. It follows from formula (3) that the signal hasmaximum
intensity, when polarizations of all the three fields are parallel.
By rotating the plane of polarization of one pumping wave,
e.g., o1, and retaining that of the other (o2) parallel to the
constant field, it is possible to determine all components of the
susceptibility tensor.

Intensity measurements of the hydrogen transition under
investigation at two directions (ejj e2 ? e1 and ejj e2jj e1) of
polarization can be used to determine the ratio of the
components of the nonlinear susceptibility tensor [14, 15]:

w �3�1122

w �3�1212

� 17:3� 2:1 : �4�

This value is in good agreement with the values of Raman
scattering tensor invariants Ð mean polarizability a01 �
1:04� 10ÿ25 cm3 and anisotropy g01 � 0:794� 10ÿ25 cm3

measured from the radiation absorption on the same
transition in hydrogen in the presence of an external electric
field [2] Ð in correspondence with the known relations that
connect these invariants with the components of the non-
linear susceptibility tensor [9].

For collinear vectors of polarization (e1jj e2) of pumping
waves, the signal polarization vector can be represented in the
form

P
�3�
O � 6EE1E2

ÿ
w �3�1122 e� 2w �3�1212 e1 cosj

�
;

where j is the angle between the constant field vector e and
the vectors of polarization e1jj e�2 of pumping waves. There-
fore, given the direction of polarization of the IR signal, the
opportunity knocks for deducing the orientation of the
constant electric field. Different measuring procedures can
be utilized for the purpose [14]. For example, having e1jj e2
and knowing the direction of the electric field vector E, it is
possible to plot the angle a between IR signal polarization

vectors and the field vector against the angle j between
collinear laser polarization vectors and the field vector
(Fig. 2). Measurement of IR signal polarization with an
analyzer placed in front of the radiation detector permits us
to determine the direction of the electric field strength vector
directly from the plot. For a hydrogen molecule, deflections
of the IR polarization vector from the vector of the constant
electric field are small; the same ensues from formula (4)
(w �3�1122=w

�3�
1212 4 1). The calculated deflections at the measured

values of the nonlinear susceptibility tensor are represented in
Fig. 2 as a solid line. The maximum deflection amounts to
� 3�.

If the components of the nonlinear susceptibility tensor
are known, then the dependence depicted in Fig. 2 may be
computed. By way of example, Fig. 2 shows the theoretical
curve for a nitrogen molecule calculated from the invariants
of the Raman scattering tensor borrowed from Ref [4].

It follows from formula (3) that for e1jj e2jj e or e1jj e2 ? e,
polarization of the IR signal is eOjj e (see Fig. 2). To conclude,
by performing two measurements for laser polarizations in
two orthogonal planes, the opportunity appears to measure
components of the electric field vector, the magnitudes of
which will be determined through the IR signal intensity:������

IOt
p

/ w1111EtE1E2 ;
�������
IOn

p
/ w1122EnE1E2 : �5�

4. Coherent Stark spectroscopy
of gas-discharge plasma

The electric field constitutes the major factor accounting for
the existence of many types of gas discharges. In this case the
spatial structures of gas-discharge plasma fields can be very
complex. Naturally, the determination of internal field
characteristics is an important part of their diagnostics. All
known optical techniques make use of the Stark effect. The
classical spectral methods concerned with radiation emission
and absorption have essential limitations imposed by their
sensitivity, number densities of neutral and charged particles,
etc. (see, for instance, Ref. [16]). In recent years, this gave
impetus for the development of new techniques with the use of
lasers that can be tuned to a wide range of frequencies.
Considerable progress was achieved in the application of
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Figure 2. Angle of deflection of IR signal polarization vector from the

direction of constant electrical field as a function of the angle between

collinear vectors of pump waves and field vector. 1 Ð calculation for H2

molecule, 2Ð calculation for N2, circles Ð experimental values for H2.
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laser-induced fluorescence spectra formed with the participa-
tion of Rydberg states (in atoms) and L-doubled states (in
molecules) [17 ± 19]. However, these methods (like classical
ones) are subject to stringent restrictions in terms of plasma-
forming gas pressure (as a rule, from fractions of a torr to
several torrs). Such limitations are due to incoherence of the
previously used spectroscopic techniques that covered states
with the finite radiative lifetime. Being sensitive to electric
field effects (level splitting, appearance of `forbidden' compo-
nents), these schemes are equally sensitive to particle colli-
sions in plasma.

In principle, the scattering discussed in the present paper
results from the removal of the radiation forbidding; there is,
however, an additional radical difference. In our case, the
process is of a coherent and multiphoton nature, with the
scattering particle being not fixed in intermediate states, and
the role of collisions is significantly smaller. It has been shown
in experiments that the relationship between the scattering
intensity and the strength of the stimulating field (2) persists
up to a few or tens of atmospheres [12].

For the above reasons, this method is naturally applied to
the study of gas discharges under elevated pressure condi-
tions. Relevant examples are given below.

4.1 Corona discharge
We have performed local measurements of the electric field
strength in a positive corona discharge in hydrogen [12].

The discharge was drawn using 40 mm long coaxial
cylindrical electrodes of radii r0 � 0:075 mm and
r1 � 8:5 mm. Constant voltage U � 7 kV was maintained
between the electrodes. Conditions for the existence of the
corona discharge were determined by hydrogen pressure in
the cuvette and monitored by measuring an electric current
across the discharge gap. The corona discharge was absent at
a hydrogen pressure of 10 atm. Figure 3 shows electrostatic
radial distribution of the electric field strength derived from
the Poisson equation (curve 1). Under hydrogen pressure of
1.6 atm, the discharge current was i1 � 270 mA. The distribu-
tion of the electric field strength in the corona was calculated
by the well-knownmethod described, for example, inRef. [20]
(Fig. 3, curve 2). Circles in this figure show results of local
measurements of the electric field strength, performed with

the aid of the method proposed. It is clear from the foregoing
that the discharge in question has been thoroughly investi-
gated and employed as a model. There is excellent agreement
between the experimental data and theoretical curves that
demonstrates the high value of the method for measuring
electric fields in real objects.

4.2 Sliding discharge on the ferrite surface
Discharge of this type is of interest for the development of
light sources with high brightness temperature (� 30 kK),
operated (unlike exploding-wire light sources) in the fre-
quency-dependent mode [13, 21]. One objective of our work
was to study electric field dynamics during development of
the discharge.

The discharge was drawn using a ferrite plate of
1� 0:1 cm2 cross-sectional area and 0.5 Oÿ1 cmÿ1 conduc-
tivity (at an electric field strength of 1.5 kV cmÿ1). The
electrodes were attached to the narrow edge of the ferrite
plate 4 ± 12mm from each other. Such a geometry allowed the
discharge channel to be localized. Electrode voltage was
varied from 1 to 3 kV. The plate was placed in a cuvette
filled with molecular hydrogen at atmospheric pressure. The
discharge-pulse repetition rate of 5Hzwas synchronized from
the master-oscillator laser through the controlled delay line.
Beams were brought together using collinear scheme and
aligned perpendicularly to the discharge channel. They were
focused� 1 mm above the ferrite surface. Polarization of the
laser light was parallel to the direction of the discharge
propagation.

As a voltage was applied, plasma channels propagated
from the electrodes towards one another at significantly
different velocities [21, 22]. The discharge glow was recorded
with a photodiode placed opposite the discharge gap. The
location of laser pulse glow enabled an accurate determina-
tion of the time delay of measurement with respect to the start
of the discharge and plasma streamers closing (onset of
intense discharge glow). The electric field strength was
measured prior to the discharge onset and after its initiation
till the plasma channels were closed. After the channel
closing, the plasma column voltage dropped sharply and the
electric field strength at the measuring point decreased below
the threshold of sensitivity of the experimental setup.

Until the instant of commutation, a coherent IR signal is
generated in the presence of an electrostatic field produced by
the charged ferrite surface and electrodes to which an equal
potential is applied. The electrostatic field depends on the
charge at the ferrite surface. This signal was used for the
adjustment of the system. Measurements of polarization
confirmed that the direction of the electric field prior to the
discharge onset was normal to the ferrite surface. After signal
calibration, knowing the charging capacitor voltage it is
possible to compute the distance between the measuring
point and the ferrite surface.

After the discharge is switched on, one electrode is earthed
andacquires zeropotential, while the tangential component of
the electric field strength is brought about in the discharge
gap. By placing the polarization analyzer in front of the IR
detector, the opportunity knocks for measuring dynamics of
normal (with the polarizer perpendicular to thedischarge axis)
and tangential (with the polarizer parallel to the discharge
axis) components of the electric field strength. The results of
these measurements are presented in Figs 4a, b. Figure 4c also
shows the angle of rotation of the polarization vector during
the motion of plasma channels. The spacing between the
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Figure 3. Distribution of the electric field strength in a corona discharge:

1Ðcalculation in the absence of discharge, 2Ðcalculation in the presence

of discharge; circles Ð experimental values.
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electrodes is 11mm, themeasuring point is located 3mm from
the anode and 1 mm above the ferrite surface.

The measurements were calibrated with respect to the
tangential signal by means of its approximation to the instant
of the discharge initiation, when the field strength was
determined on the basis of high-voltage electrode readings
and the electrode spacing. From the signal intensity ratio of
parallel to perpendicular positions of the polarization
analyzer (5) one can determine the normal component of the
field strength. The normal and tangential components were
compatible, and the electric field vector near the head of the
plasma leader was inclined at an angle of 45� to the axis of the
discharge (Fig. 4c).

The electric field strength was measured during develop-
ment of the discharge sliding across the ferrite surface.
Estimate of electron drift velocities corresponding to the
measured strengths of the electric field indicated that they
were close to the propagation velocity of the anode-directed
streamer. This suggests a mechanism of discharge develop-
ment mediated through direct ionization by electron impact
near the channel head that serves as the virtual cathode.

5. Conclusion

Generation of IR radiation at the vibrational ± rotational
transitions of a centrosymmetrical molecule in a constant
electrical field is a consequence of the eased alternative

forbidding by virtue of the Stark effect. Light fields
responsible for biharmonic excitation, static field with a zero
wavenumber, and scattered radiation are the constituents of
the process of the four-wave nondegenerate coherent interac-
tion. This process may be used to generate coherent radiation
for which the intrinsic gas is highly transparent. Also, it is
possible to apply it, in conjunction with the known CARS
schemes, to the absolute measurement of electric fields in
gases and plasma with a high temporal and spatial resolution.
The method is helpful at elevated gas pressure when other
spectroscopic techniques are difficult to use.
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40.020.1.1.1157); Federal Target Program ``Integration''
(project B0049), NATO-Russia grant (No. 978204), and
Russian Foundation for Basic Research (grant 02-02-81008).
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Figure 4. Dynamics of the electric field strength in a creeping discharge.

(a,b) tangential and normal components of the electric field, respectively;

(c) angle between the electric field vector and the discharge axis.
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