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Electric Field in a Plasma Channel in a High-Pressure Nanosecond Discharge
in Hydrogen: A Coherent Anti-Stokes Raman Scattering Study
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Experimental results of a study of the electric field in a plasma channel produced during nanosecond
discharge at a H, gas pressure of (2 —3) x 10° Pa by the coherent anti-Stokes scattering method are
reported. The discharge was ignited by applying a voltage pulse with an amplitude of ~100 kV and a
duration of ~5 ns to a blade cathode placed at a distance of 10 and 20 mm from the anode. It was shown
that this type of gas discharge is characterized by the presence of an electric field in the plasma channel with
root-mean-square intensities of up to 30 kV/cm. Using polarization measurements, it was found that the
direction of the electric field is along the cathode-anode axis.
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Nanosecond (ns) time scale electrical discharges in
different gases at pressure P > 10° Pa have been widely
investigated [1-8] due to the interesting physical phenom-
ena involved. Such discharges are ignited by the application
of high-voltage (HV) pulses with an amplitude in the range
10*-10° V and a rise time of 1071910~ s. It is supposed
that runaway electrons (RAE) generated at the beginning of
the discharge are responsible for preionization of the gas
[9], allowing plasma discharge to be developed in a nano-
second time scale. The origin of RAE is still the subject of
additional research and one of the key questions is the elec-
tric field’s temporal and spatial distribution in the cathode-
anode gap. It is commonly accepted that the source of
RAE is the electron emission from cathode whiskers, where
significant enhancement of the electric field is realized
[4,6,10,11]. However, one cannot also exclude that the
emission of RAE occurs from the front of the propagating
plasma streamer having a micron scale size head or from
the boundary of the plasma channel when it approaches the
anode to a distance where the condition for the generation
of RAE is fulfilled [4,12,13]. In the latter case, the conduc-
tivity of the plasma channel should be sufficiently large to
allow the plasma to acquire the potential of the cathode.
It was found that when plasma bridges the cathode-anode
gap, the HV stage of discharge is not terminated [5,6],
again raising the question of how conductive this plasma
is. The conductivity of the plasma channel is also very
important for estimating the energy dissipation and, respec-
tively, the efficiency of different devices (pulsed power
generators, microwave compressors, etc.) whose operation
requires application of the plasma formed during a nano-
second time scale in pressurized gases.

Recent time- and space-resolved spectroscopic studies of
the nanosecond time scale duration discharge in He gas at
P = 10° Payielded values of the plasma electron density in
the range of 10°-10'® cm™ and very complex dynamics
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of channel formation [14,15]. Detailed fitting of several
spectral He lines has shown strong evidence of the presence
of significant low-frequency (<10 GHz) electric fields with
armsintensity of ~10kV/cminside the plasma channels [ 15].

Conventional approaches to the nonperturbing measure-
ment of the electric field in plasmas, such as Stark broad-
ening of spectral lines and fluorescence of Rydberg states
[16-18], become rather complicated analytically at pres-
sures at P > 10° Pa, since collisions with neutrals begin
to be dominant for low-ionized plasma. Coherent anti-
Stokes Raman scattering (CARS) has proved to be an
efficient method for measuring the local electric field in
plasmas and gases with a large concentration of hydrogen
or nitrogen. The possibility of measuring a static electric
field using the absorption of infrared (IR) photons in the
induced spectrum of the rotation energy levels of diatomic
molecules was theoretically predicted by Condon in 1932
[19] as a limiting case of the Raman effect. This prediction
was confirmed in experiments by Crawford et al. in 1949
[20]. In 1991 the experimental setup for the measurement
of an electric field by induced IR emission was proposed
[21], and it was implemented several years later [22,23].
Recently, CARS was used to measure electric fields in
dielectric barrier discharges with temporal resolution down
to several nanoseconds [24]. CARS is based on the gener-
ation of coherent infrared radiation as a result of the bihar-
monic laser pumping of an initially symmetrical diatomic
molecule in an external electric field. This electric field
induces the dipole moment of the molecules and allows
IR vibrational transitions in the dipole approximation. In
the case of the H, molecule [see Fig. 1(a)], the infrared
radiation is emitted at the frequency of the Raman-active
vibrational-rotational transition Q(1) (v=0, J=1-v=1,
J=1) in the ground electronic state XIZJ (A =24 ym).
The application of two biharmonic laser waves [@, and
ws, see Fig. 1(a)] leads to coherent vibration (w,-wg) of
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FIG. 1 (color online). (a) Optical transitions in degenerate
CARS and generation of infrared signal due to electric field.
(b) The idea behind the CARS polarization measurements.

the molecules with the induced v = 0 — v = 1 transition,
which causes inelastic scattering of one of the waves
[for instance, w, in Fig. I(a)]. This scattered wave w;
may have a different frequency (nondegenerate CARS,
Le., w,~-wg + w3 = w,s) and, in particular, this frequency
may be zero, which corresponds to the case of a static
electric field [25].

Theoretical analysis [23] showed that the value of the
external electric field can be calculated as

Iir

Icars

E=C

I, (1

where /;, is the intensity of IR signal induced by the electric
field, Icars is the intensity of the anti-Stokes signal in the
degenerate CARS, 7, is the intensity of the pump laser
beam, and C is the constant that depends on the experimen-
tal conditions, which include the parameters of the medium
and experimental setup. Finding the value of C is possible
by performing the experiment in the given optical setup
with a uniform and known electric field.

In Ref. [26] a polarization CARS technique for measuring
the direction of the electric field was employed. In the case
where the pump (w,) and Stokes (wg) laser beams have
polarization in the same direction and create a certain angle
with respect to the direction of the external electric field, one
can reconstruct the angle between the electric field and the
lasers’ polarization directions, measuring the polarization of
the generated IR signal [see Fig. 1(b)]. A convenient method
of measuring the direction of an electric field by means of
polarization CARS is to orient the axis of a polarization ana-
lyzer first parallel and then perpendicular to the polarizations
of the lasers, which yields the intensities of the following
components of the IR CARS signal:

\J1IR = C\E.E,Es, )

Iﬂ_R = C2E'7EPES’ (3)

where E; and E,, are the absolute values of the tangential and
the normal components of the electric field vector (with

respect to the orientation of the lasers), respectively, E,
and Eg are the amplitudes of the pump and Stokes laser
waves, respectively, and C; and C, are the constants, which
can be determined, using a setup with an electric field of
known strength and orientation. Once the amplitudes E,
and E, are calculated from the measurement, the electric
field vector can be reconstructed via E = E 7 + E,].

In our experiments, an all-solid-state generator [6] was
employed, delivering HV pulses with a duration of
~5 ns at full width at half maximum (FWHM) and an
amplitude of ~100 kV to the diode. The diode was prelimi-
nary evacuated (0.1 Pa) and then filled with H, gas at
P = 3x10° Paor P = 2 x 10’ Pa. The discharge voltage
and current waveforms were measured using a capacitive
voltage divider and B dot, respectively. The cathode was
made of a stainless steel blade with a length of 7 mm,
and a width of several ym at its emitting edge. The anode,
made of an Al disk of 150 mm in diameter, was located at
distances d-4 = 10 mm and d-4, = 20 mm from the cath-
ode. For the calibration experiment [27,28] with a known
uniform electric field, instead of the blade cathode, a
40-mm diameter stainless steel disc connected to a dc
power supply was used.

The laser beam (4 = 532 nm), generated by a Continuum
Surelite III laser, was split to excite the dye (LD 688 dis-
solved in dimethyl sulfoxide) in a Continuum ND6000 laser
and to supply the pump (w,) laser beam for CARS. The
Stokes beam (wg) at A = 683 nm, generated by the dye laser,
was coaligned with the pump laser (see Fig. 2). Part of the
pump laser beam was recorded with a photodiode (Thorlabs
SMO5PD2A), to monitor the beam intensity. The polariza-
tion of both the pump and Stokes beam was rotated using
a multiorder half-wave plate to coincide with the direction
of the cathode-anode axis. Both laser beams were focused
at the interrogation spot in the discharge chamber using a
lens. The duration of the laser beams was 4 ns at FWHM
and the powers, measured at the input of the discharge
chamber, were 40 and 3.5 mJ for the pump and Stokes
beams, respectively. Anti-Stokes (4 =436 nm) and IR
(4 =2.4 ym) radiation, formed at the location of the
focus, emerged from the discharge chamber collinearly with
the pump and Stokes beams. IR radiation was focused using
a lens at the input window of the IR detector (Hamamatsu
P5968-060). At the exit window of the chamber a blue filter
was used to cut off the pump and dye laser beams. Behind
the IR focusing lens a Ge filter was placed at an angle of 45°
to deflect the anti-Stokes beam, which further was focused
on a photodiode (Thorlabs SMOSPD2A) to monitor the
intensity of the CARS signal. To suppress the visible wave-
lengths and higher orders of the CARS signal, leaving only
the IR radiation at 4 = 2.4 um, an additional pack of filters
was placed in the front of the IR detector. In experiments
where the orientation of the electric field was determined,
a Glan-Thompson prism was employed as a polarization
analyzer in front of the IR detector. The signals from the
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FIG. 2 (color online). (a) CARS setup. 1, pump laser; 2 and 6,
beam splitters; 3 and 5, right angle prisms; 4, dye laser; 7 and 14,
photodiodes; 8, multiorder half waveplate; 9, 11, and 13, lenses;
10, discharge chamber; 12, Ge filter; 15, filter stack; 16, Glan-
Thompson prism; 17, IR detector. (b) Different evolution stages
of the discharge channels in the He; shots taken with 4Quik fast
framing camera; exposure time is 2 ns. Pressure P = 3 x 10°,
dCA = 20mm. Red circles on the first frame indicate the two
locations from which the signals in the experiments were col-
lected (d¢ = 1 mm and d¢c = 10 mm).

photodiodes, IR detector, voltage divider, and B dot were
recorded using a Tektronix digitizing oscilloscope (TDS
694C: 3 GHz, 10 gigasamples/s).

Time-resolved imaging of the light emission from the
cathode-anode gap, obtained with a 4QuikE intensified fast
framing camera, showed that discharges are initiated from
the top and bottom edges of the cathode, apparently due to
the enhancement of the electric field at those locations
[see Fig. 2(b)]. Thus, to study the electric field evolution
in the plasma channel, IR signals were collected from two
locations: at the distance of 1 mm (d- = 1 mm) from the
cathode’s top edge and from the middle of the discharge
channel, i.e., 10 mm (d- = 10 mm) away from the top
edge of the cathode.

On average, a hundred shots were recorded for each set
of experimental conditions (cathode-anode gap, gas pres-
sure, and distance from the cathode), spanning the time
period of ~20 ns with respect to the beginning of the dis-
charge current. The temporal resolution of the diagnostics
was determined by the duration of the laser pulses. Since
the intensity of the CARS radiation 7, NIf,I s and the
intensity of the IR radiation I;, ~ I,I5 [23], one can con-
sider that the results are primarily dependent on the inten-
sity at the peak of the laser pulse, the duration of which is
~2 ns and, respectively, 2 ns was considered as the effec-
tive time resolution. A t = 0 time was set, where the volt-
age pulse reaches 30% of its amplitude and all the shots
were assigned times of the CARS signal onset with respect
to t = 0. Subsequently, shots were divided into groups
belonging to 1 ns duration time intervals, and the
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FIG. 3 (color online). Voltage and current waveforms:
@ dcy=20mm, P=3x10°Pa, (b) dcy=20mm, P =
2 x 10° Pa. Measured electric field and the voltage pulse
under different conditions: (¢) dcy = 10 mm, P = 3 x 10° Pa,
de =1mm, (d) dey =20 mm, P = 3 x 10° Pa, dc = 1 mm,
() dey=20mm, P=2x10°Pa, dc=1mm, (f) dcy = 20 mm,
P=3x10 Pa, dec=10mm, (g) dcy = 10 mm, P=2x10°Pa,
de =1 mm, (h) dey =20 mm, P =2 x 10° Pa, d- = 10 mm.

amplitudes in each time interval were averaged to represent
an averaged signal for this time interval.

The temporal evolution of the electric field at the distances
of 1 £ 0.5 and 10 £ 0.5 mm from the cathode for different
pressures and cathode-anode gaps with the corresponding
measured voltage and integrated B-dot current waveforms
is shown in Fig. 3. The presented voltage and current
waveforms for dq4 = 20 mm differ insignificantly from
those obtained for d-4 = 10 mm; namely. in the latter case
the amplitude of the voltage was ~20% smaller and that of
the current ~30% larger. Also, the presented voltage
waveform was not corrected for inductive voltage
LdI/dr <20 kV, where L is the inductance of the cathode
holder.

The most obvious observation is the presence of a
significant electric field in the plasma channel with peak
values up to E = 30 kV/cm. The electric field evolution
follows closely the waveform of the HV pulse applied to
the cathode-anode gap, with both approaching their peaks
simultaneously. Another result is that the electric field in
the vicinity of the cathode is comparable to or even lower
than the one measured in the middle of the discharge chan-
nel. One can suppose that the enhancement of the electric
field due to the geometry is compensated by the greater
density of the plasma at that location, resulting in a lower
electric field penetrating the plasma. In addition, a very
important observation is that the rms values of the electric
field are similar to ones calculated via the fitting of He I
spectral lines [15]. The presence of such high electric fields
inside the discharge channel shows that the plasma pro-
duced in nanosecond discharges is highly resistive, and
it cannot acquire the cathode potential to the head of the
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FIG. 4 (color online). (a) Orientation of the laser waves rela-
tively to the cathode-anode axis and the schematic rotation of
the polarization analyzer, (b) IR signal dependence on the angle
of the polarization analyzer (¢): experimental results and a
cos?(¢) fit.

propagating plasma channel. One can also estimate the
density of the plasma based on the measured electric field
and assuming low-ionized plasma where electron-neutral
collisions play a dominant role [29]:

n,~3.6 x10%In,V,6,.(SE)~" ~ 1010 cm™3, (4)

where 1 = 800 A is the discharge current, S ~ 0.08 cm? is
the cross-sectional area of two discharge channels which was
estimated using side- and front-view time-resolved images of
the discharge channel, £ < 30 kV/cm is the electric field,
n, ~6x 10 cm™ is the neutral density, V, ~ 10 cm/s
is the average thermal velocity of electrons for temperature
T, <2 eV [15],and o, ~ 1079-10"1% cm? [29] is the col-
lision electron-neutral transport cross section. This rather
rough estimate is also in satisfactorily good agreement with
the values of the plasma electron density obtained using
time- and space-resolved spectroscopy studies [15]. The
large resistivity of the plasma can be explained by the high
frequency (v,, ~ 2 x 10'? s7!) of the electron-neutral colli-
sions, which are several orders larger in frequency than the
frequency of the electron-ion ion collisions. Thus, one can
estimate the resistivity of this low-ionized plasma as [29]
c=2.82x10"*n,[ecm3],,![s7!] ~ 0.5 Q' cm™! and the
average resistance of the discharge channels as R, =
671872 =75 Q for an effective length of the plasma chan-
nel /=~ 3 cm. This rough estimate also agrees satisfactory
with the average resistance of the discharge channel at
t~2.5 ns calculated as R = V/I <70 Q where V and [
are the diode voltage and current, respectively.

In order to find the direction of the external electric field,
the dependence of the IR intensity on the angle of the polari-
zation analyzer placed at the entrance of the IR detector was
obtained. The Glan-Thompson prism was rotated in intervals
of 10°, throughout 180° [see Fig. 4(a)]. At each angle inter-
vals 50 shots with maximal IR amplitudes and shot times
falling in the same time interval of ~2 ns duration were
recorded. These signals were averaged to represent the signal
level for the given angle [see Fig. 4(b)]. One can see that the
IR intensity nearly vanishes at ~90°, when the orientation of

the polarization analyzer is perpendicular to that of the laser
waves, hence, implying E, < E_, i.e., that the electric field
orientation is nearly collinear with that of the lasers.

To summarize, the results obtained using the CARS
method show the existence of an electric field with rms
values of up to tens of kilovolts per centimeter, directed
mainly along the cathode-anode axis in the plasma channel
during a nanosecond time scale discharge in H, gas at
P = (2-3) x 10° Pa. The found electric field with an
amplitude of several tens of kilovolts agrees with the results
reported in Ref. [15] and shows that the plasma channel
presents low-ionized plasma characterized by a rather
larger resistivity. The high value of the electric field
obtained can be explained by the high frequency of the
electron-neutral collisions. However, this electric field is
not sufficient for the formation of RAE in H, gas from elec-
trons produced in bulk in the plasma channel because there
is not sufficient energy and the length of the cathode-anode
gap is only a few centimeters [30]. The obtained evolution
of the electric field in the discharge channel of a nanosec-
ond time scale discharge is of great importance because it
makes doubtful the suggestion [3,4,12] of the possible
emission of RAE from the head of the plasma boundary
propagating toward the anode, in this gas. Also, the high
resistivity of the nanosecond-time scale discharge in a pres-
surized gas leads to a large energy dissipation, which
should be accounted for in different devices where such
a type of discharge is used.
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