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Abstract Helium capillary dielectric barrier discharge driven
by the square wave-shaped high voltage was investigated spa-
tially and temporally by means of optical emission spectros-
copy. The finding of the previous investigation conducted
with the sinusoidal-like high voltage was confirmed, i.e., the
plasma in the jet and the plasma in the capillary constitute two
temporally separated events. The plasma in the jet occurs prior
to the discharge in the capillary and exists only during the
positive half period of the applied high voltage. The time
delay of the capillary discharge with respect to the discharge
in the jet depended on the high voltage, and it was between 2.4
and 8.4 s for the voltage amplitude change in the range from
1.96 to 2.31 kV, respectively. It was found that, compared to
sinusoidal-like voltage, application of the square wave high
voltage results with stronger (~6 times) He line emission in the
jet, which makes the latter more favorable for efficient soft
ionization. The use of the square wave high voltage enabled
comparison of the currents (~1 mA) flowing in the capillary
during the positive and negative high voltage periods, which
yielded the estimation for the charge dissipated in the atmo-
sphere ((4£20 %)x 10 "' C) through the plasma jet.
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Introduction

Dielectric barrier discharge ionization (DBDI) technique [1]
gained the popularity as a method for soft ionization of mole-
cules due to its simplicity and adaptability of operation to dif-
ferent environments. DBD has numerous applications in ana-
lytical chemistry because it can generate mild, stable discharge
at atmospheric pressure and low temperatures, rich with a large
amount of chemically active species. They are easy to set up in
simple and compact way, have low power consumption, and
can operate over a wide pressure range with different discharge
gasses. Therefore, the DBDs have found a wide range of ana-
lytical applications, such as the DBD atomizer for analytical
atomic spectrometry [2, 3], DBD detector for gas chromatog-
raphy [4], DBD-induced and/or assisted chemiluminescence [5,
6], and as the ionization source for ion-mobility spectrometry
[7]. A comprehensive presentation of the history, principles,
development, applications, and future prospects of this ioniza-
tion source can be found in several reviews and articles [8—13].

The key constituent of this technique, which acts as efficient
ionization source, is the atmospheric pressure plasma jet gener-
ated by dielectric barrier discharge. The formation and the dy-
namics of the plasma jets in the capillary dielectric barrier dis-
charges have been extensively studied [14-20]. These investi-
gations have shown that the jet is formed of well-directed ion-
ization fronts, so called “plasma bullets,” which travel with the
velocities several orders of magnitude higher than the gas flow
velocity. The widespread concept of the jet development, i.e.,
plasma bullet formation and propagation, is based on a streamer
discharge model proposed by Lu and Laroussi [21], within
which the jet is considered to be a flow driven effluent of the
discharge in the capillary.

However, in two previous experiments [14, 19], it was
observed that the formation of the jet was independent of the
ignition of a dielectric barrier discharge inside the capillary, but
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this phenomenon was not studied in detail. Recently [22], an
extensive investigation of the helium capillary dielectric barrier
discharge sustained by a quasi-sinusoidal high voltage has been
reported. The spectrally, spatially, and temporally resolved emis-
sion from the discharge was measured simultaneously with plas-
ma current. It was found that two plasmas separated in time were
formed. First, an early plasma, which protrudes in the surround-
ing atmosphere in the form of the plasma jet, was formed.
Subsequently, the plasma between the electrodes, which coin-
cides with the ignition of the discharge in the capillary, occurred.
The plasma jet, which is an essential part of a capillary DBD
applied for soft ionization, occurred with appreciable strength
and length only during the rise of the high voltage and in the
period of time before the electrode plasma was ignited. No plas-
ma jet was formed during the negative period of the high voltage.
Very weak and short plasma jet, not convenient for soft ioniza-
tion purposes, was formed during the electrode plasma ignition.

The present investigation deals with the formation and de-
velopment of the homogeneous helium capillary dielectric
barrier discharge (DBD) driven by square wave high voltage.
It is known that DBD can operate in either filamentary or
homogeneous mode [23], and it was demonstrated that the
latter is characterized by significantly larger ionization effi-
ciency of organic molecules [24, 25].

Here, it will be shown that the square wave voltage shape is
more appropriate for producing the homogeneous mode opera-
tion than the sinusoidal-like one. In addition, with the square
wave high voltage (HV) applied, the DBD can run at much
lower HV amplitudes then in the case of the sinusoidal-like
one. The present investigation examines the influence of the
shape and the amplitude of the applied HV on the properties of
He capillary DBD. The operation of DBD was investigated by
time and spatially resolved OES measurements of the helium
706 and 501 nm lines intensities, with square wave high voltage
applied to the electrodes. The comparison with recent results
[22] obtained by using sinusoidal-like HV generator to operate

Fig. 1 Experimental setup
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the DBD is made. In both cases, the spatiotemporal behavior of
the measured emission was found to be generally very similar. It
is shown that the square wave HV is much more suitable for
getting better insight in the process of formation of the plasma jet
than sinusoidal-like HV. Also, the direct comparison of the ap-
plication of the two voltage shapes with nearly equal amplitudes
and under the same working conditions showed that the plasma
jet is much more intense in the case of square wave-shaped
voltage than in the case of sinusoidal-like one.

Experiment

The experimental setup is shown in Fig. 1. All the elements of
the experimental arrangement, including one and the same
capillary DBD, were the same as in the previous experiment
[22], except the generator for supplying HV to the DBD elec-
trodes. In order to get a reliable ionization source with no jumps
from the homogeneous into the filamentary mode, a homemade
generator was developed which produces square wave voltages
with a rise time within 0.1 ps and the peak-to-peak voltages up
to 3.5 kV. With such generator, it was possible to sustain the
DBD operation in a pure homogeneous mode over the whole
applied HV amplitude range. Even when the geometry of the
discharge was not perfect, the plasma would not switch to the
filamentary mode. In a part of the present measurements, the
generator delivering sinusoidal-like HV was used too.

The capillary glass tube outer and inner diameters were 1 and
0.5 mm, respectively. The working gas (He) flow was kept at the
rate of 500 ml/min. The separation of the 1 mm wide electrodes
was approximately 10 mm. The edge of the front (HV) electrode
was at the distance of 2 mm from the capillary orifice. The rear
electrode was connected to the ground by a resistor R=100 2
which was used for the discharge current measurement.

OES measurements were performed mostly by monitoring
the emission of the He 706 nm line, but in a part of this
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experiment, the He 501 nm line intensity was measured too. The
emission from the plasma source was collected at right angles
with respect to the capillary axis x with a lens (/=10 cm) and
imaged (1:1) onto the entrance slit of a 1-m McPherson mono-
chromator (grating, 1200 groves/mm). Both entrance and output
slits were 0.3 mm wide, yielding the band pass of the mono-
chromator of 0.3 nm. The monochromator was equipped with
either EMI 9588QA (visible and near IR) or EMI 9789 (UV and
visible) photomultiplier to measure He 706 nm and He 501 nm
emission, respectively. The photomultiplier currents were con-
verted to the voltage by a homemade amplifier (rise time,
0.8 ns), which was monitored by 70-MHz digital storage oscil-
loscope (Agilent DSO-X 2002A). The temporal behavior of the
He emission was measured step-by-step at various positions
along the x-axis by translating the DBD. The spatial resolution
dx=0.3 mm was defined by the imaging ratio and the entrance
slit width. In the first part of the experiment, the spatiotemporal
behavior of the intensity of the He 706 nm line was measured for
three square wave voltages (V3=2.31 kV, 7§=2.17 kV and V=
1.96 kV). In the second part, the emissions of the He 501 nm
line produced with a square wave HV of V(=3.2 kV and
sinusoidal-like HV with the peak-to peak voltage of 3.8 kV were
measured and compared.

Measurements and results
Measurements with the square wave high voltage
The time dependence of the applied square wave voltage with

V5=2.17 kV and the resulting current signals when the elec-
trode plasma is ignited are shown in Fig. 2a.

The positive and negative voltage slopes coincide with the
corresponding sharp charge displacement current peaks. The
displacement current is proportional to the voltage derivative
dV(#)/dt and it is present only at the rising and falling voltage
edge. The time scale origin (#=0) is set to coincide with the
positive slope of the HV signal, i.e., with the rising slope of the
corresponding displacement current. Note that the time scale
is truncated from 9 to 20 us. The positive plasma current
follows the positive displacement current after 7p=6.2 s,
while the negative plasma current occurs at 7y=1.9 us with
respect to the negative displacement current. The difference
between the plasma occurrence times in the positive and neg-
ative voltage periods may be attributed to the influence of the
charge accumulation on the capillary wall beneath the elec-
trodes [26]. The dynamic electric field, resulting from the
applied high voltage and wall charge, may differ in the posi-
tive and negative period, causing the plasma ignition at differ-
ent times. Also, the part of the total energy in the positive
voltage period is already consumed by the jet prior to occur-
rence of the capillary discharge. In the negative period, when
the jet is not formed, the whole energy is at disposal for dis-
sipation solely in the capillary plasma, enabling earlier
ignition.

The time evolution of the emission intensities /7o of the He
706 nm line was measured in steps of 0.5 mm starting from the
rear electrode (x=0), then along the capillary and up to the
position x=16 mm in the plasma jet. The two-channel oscil-
loscope was triggered by the positive displacement current.
The transient emission intensities measured at three x posi-
tions inside and three positions outside the capillary are shown
in Fig. 2b, c. As in the case of a sinusoidal-like driving voltage
[22], during the positive voltage period, two emission signals

Fig. 2 a Displacement currents 1 displacement current
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separated in time were observed. Their time separation de-
pends on the point of observation x along the axis of the
electrode plasma (see Fig. 2b). Emission signals, termed
“coincident signals” in the following text, occur nearly at the
ignition time 7p, i.e., coincide with the positive discharge cur-
rent peak. The emission signals, which precede the coincident
signals, i.e., positive plasma current, will be called “early
signals.” As shown in Fig. 2c, in the plasma jet, only early
signals appear during the positive voltage period.
Nevertheless, very weak coincident signals can be observed
in the region between the HV electrode and the capillary orifice
when the positive voltage is applied. On the other hand, during
the negative voltage period, only the signals, which coincide
with the negative plasma current at ignition time 7Ty, were
observed in the capillary. During this voltage period, there are
no measurable emission intensities in the jet for x>10 mm.
The spatiotemporal behavior of the He 706 nm line emis-
sion measured for V,°=2.17 KV is presented in Fig. 3. In the
picture, the position-dependent times at which the emission
line intensity maxima occur (henceforth referred to as times of
occurrence or occurrence times) are correlated with the plasma
current signals in the same manner as in previous paper [22].
In both left and right part of Fig. 3, the time scales are on the
ordinates. The current signal data for ¥,°=2.17 kV are taken
from Fig. 2a and re-plotted in Fig. 3a in the form of time vs.
current diagram. Here, two important facts should be stressed.
First, when looking at the shapes of the positive and negative
plasma current peaks, it is apparent that the positive current
peak is broader and exhibits a shoulder, which precedes the
current maximum. Second, the integrals of the current signals
over time represent the values of charges O, which were
transported through the resistor R (see Fig. 1) and correspond
to the plasma current in the capillary between the electrodes.

The evaluated values Op” and Q" for the positive and nega-
tive voltage periods, respectively, amount to 1.01x 10~ C and
1.06x107° C. Their difference is relatively small (5 %) but
definitely larger than the error bar of statistical uncertainty
(2 %).

The position-dependent occurrence times for early and co-
incidence emission signals in dependence on the position x
along the capillary and the jet are plotted in Fig. 3b. The initial
early emission peak signals appear in the vicinity of the HV
electrode about 4 ps before the positive plasma current peak in
the both +x and —x directions. The reciprocal slopes of the data
in Fig. 3b yield the velocities v" (termed excitation velocities
in the following), which are attributed to the propagation of
the excitation of the helium atoms. These velocities should not
be confused with either the velocity of the excited atoms or the
velocity of the electrons. For instance, the actual gas flow
velocity is 10 m/s, which is several orders of magnitude small-
er than all excitation velocities v" evaluated here for the early
signals. On the other hand, the velocities of electrons, which
are capable to excite He atoms, are several orders of magni-
tude larger than v". The excitation velocities of early signals
(full red circles in Fig. 3b) increase with the distance from the
HV electrode. Inside the capillary, in the region between x=9
and x=6 mm, the v;," for early signals amounts to about
0.7 kmy/s, while the mean value of v,F from x=6 mm to x=
4 mm is approximately 20 km/s. The excitation velocity for
the coincident signals during the positive voltage period (open
red circles in Fig. 3b) is obviously much higher but cannot be
evaluated because the corresponding occurrence times are
constant within the error bars. The same is valid for the region
x<4 where the early and the coincident peaks merge together
(half filled red circles) as well as for coincident signals during
the negative voltage period (open blue squares). The

Fig. 3 Correlation between the 26 26
plaspla CUITCI’II Eng th? e H 1 Q:: a —{1 1, coincident signals bl
spatiotemporal behavior of the He
706 nm line emission for the 241 negative M D.__]DmI[DI]IED e -24
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the peak-to-peak value V"= 22 period =217kV L 22
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occurrence times of the merged signals seem to be in correla-
tion with the shoulder appearing before the maximum of the
plasma current signal. In the whole region from the HV elec-
trode to the end of the capillary (x=12) and along the whole
plasma jet, the medium velocity vy, of the early peak emis-
sion signal amounts to 1 km/s.

In order to study the influence of the applied voltage on the
spatiotemporal behavior of the helium line emission, the mea-
surements were performed for two additional square-shaped
voltages (V,°=2.31 kVand V,*=1.96 kV).

For each applied voltage, there are two sets of data at dis-
posal: signal occurrence times and signal peak intensities as
functions of x position. The obtained results for occurrence
times vs. x position are shown in Fig. 4 for positive voltages
together with the data for V,°=2.17 kV previously plotted in
Fig. 3. The corresponding spatial distributions of the He
706 nm line peak intensities as functions of x position for all
three applied voltages are depicted in Fig. 5. In both Figs. 4
and 5, the data are presented for positive voltages only, i.e., in
cases when the plasma jet is produced.

As shown in Fig. 4a, the ignition times 7p and the plasma
current peaks for the positive voltages strongly depend on the
voltage amplitudes. Also, the excitation velocities for the early
signals in the vicinity of the HV electrode strongly rise with
the increasing voltage. For instance, the evaluated values v,"
and v.* are 2.63 and 0.57 kmy/s. On the other hand, the corre-
sponding charges Qp transferred through the capillary and the
resistor R to the ground vary slowly and seem to be linearly
dependent on the voltage amplitudes (Qp*=1.14x10"° C,
0r°=0.92x10"° C). As for the negative plasma currents (not
shown here), the variation of the ignition time 7y with the
applied voltage is relatively small (T*=1.55 us, TN°=
2.05 us) and the corresponding charges vary from Qn'=

?:I capillary ot
109 <+ Hv

1. V=1.96kV —<O— coincident

4 a —&— merged

E —&—early
57
3t A A

V=217 kV

T T
—O— coincident

—&— merged
—a— early

;Waﬁ

-
o

L(x) (a.u.)

0
i LR L |
] C V=2.31kV —O— coincident
i —=— merged

10 ] —a—early

S ': ; x5

0 fx
T T

0 5 10 15

X (mm)

Fig. 5 a—c The peak emission intensities (in arbitrary units) of the He
706 nm line as a function of axial DBD position x for three applied
voltages. The data for x>10 mm are magnified by a factor of 5

1.17x107° C to Ox°=0.96x10"° C. The charge difference
AQ=0n—0p in the applied voltage range is nearly constant
and amounts to (4+20 %)x 10! C.

As can be seen in Fig. 5, the spatial distributions of He
706 nm line peak emission intensities, both in the capillary
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and in the jet, exhibit similar shape for all three investigated
voltages. The intensities increase roughly proportional to plas-
ma current peak values. This may be considered plausible for
coincident signals, but not for early signals which occur prior
to discharge ignition in the capillary. This issue will be ad-
dressed in the next section.

Comparison of the results obtained with the square wave
and sinusoidal-like high voltage

In the second part of the experiment, the discharge current and
emission signals for the He 501 nm line obtained with the
square wave and sinusoidal-like high voltages of comparable
amplitudes were examined, under otherwise the same experi-
mental conditions (the same DBD geometry and He flow,
500 ml/min).

Here, it should be emphasized that the lowest value of the
sinusoidal-like HV for which the DBD could be sustained was
3.8 kV. In order to realize comparable amplitudes of the two
HYV shapes, the chosen square wave driving voltage had to be
somewhat higher than in the measurements presented in
Figs. 4 and 5.

The ¥V, in the case of the square wave generator was 3.2 kV,
while its value for the sinusoidal-like one was 3.8 kV. The
measured currents, position-dependent occurrence times of
merged, early and coincident signals, and spatial distributions
of relative peak intensities of the He 501 nm line are presented
in Fig. 6.

In the case of the square wave HV, the total charge Op°"
defined by the shape of the plasma current was 9.1x107'° C,
and for the negative voltage period (not shown here), the
OV is about 10 % larger than Qp>Y. For the sinusoidal-
like voltage, the peak current value is higher than in the former
case but the evaluated Op°" nearly equals to Qp° ™. Different
to the case of square wave voltage, the charge Ox°" in the
negative sinusoidal-like period is about 30 % smaller than
Op°" in its positive period. However, it has to be mentioned
that, as opposed to the square wave HV case, the ignition of
the plasma in the positive and negative periods of the
sinusoidal-like HV does not occur at the same absolute volt-
age values. These voltages are usually significantly different
and in the present case amount to +1.9 and —1.2 kV.

The most important difference between the results obtained
with two different voltage shapes is that the use of the square
wave voltage yields more efficient excitation of He atoms in the
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distributions of the He 501 nm line intensities measured under the same
experimental conditions when the high voltages of different shapes are
applied. The data are related to positive voltage periods only. a, d Charge
displacement currents and plasma currents. /nsets respective HV shapes.

@ Springer

b, e Position-dependent occurrence times for merged, early, and coinci-
dent signals with excitation velocities in the jet region indicated. ¢, f
Relative peak intensities of the He 501 nm line as functions of observation
position x



Time-resolved spectroscopy of DBD driven by square-wave high voltage

7979

jet, which is clearly demonstrated by the corresponding peak
intensities of the He 501 nm line depicted in Fig. 6¢ and f.

Discussion

In He DBDs with the configuration as in the present experi-
ment, the jet constitutes an essential part of the DBD in the
application for soft ionization. Namely, the spatial distribution
of N, " ions, which act as a precursor for the formation of the
protonated water molecules essential for the soft ionization,
exhibits a maximum in the plasma jet [23, 27], a few millime-
ters from the capillary orifice.

In general, the present time- and spatially resolved He line
emission measurements confirm our findings in recently pub-
lished work [22]. The plasma jet occurs only during the pos-
itive HV period and precedes the plasma ignition between the
electrodes in the capillary. In the same manner as observed
with sinusoidal-like HV, after the onset of the positive voltage,
the propagation of He atoms excitation starts in the vicinity of
the front HV electrode. Excited helium atoms are produced in
collision with fast electrons, which are attracted by the posi-
tively charged HV electrode, and therefrom, the bulk excita-
tion travels in both positive and negative x direction. During
the positive voltage period, excited helium atoms first appear
in the vicinity of HV electrode (see Figs. 3 and 4), meaning
that at the very start of the process, free electrons become
energetic enough to excite He atoms only after being acceler-
ated all the way up to the HV electrode. At later times, the
electrons gain enough energy to excite He atoms at distances
further away from the HV electrode. This suggests that an
overall electric field they experience is enhanced. The en-
hancement of the field could be due to the presence of the
ionized nitrogen molecules N, . Namely, the relaxation of
helium atoms in higher excited states eventually leads to ac-
cumulation of the population in the metastable states. In am-
bient atmosphere rich with nitrogen, Penning ionization of N,
in collisions with He metastables takes place, resulting with
creation of N,". Because nitrogen is always present as an
impurity in the helium gas, the mentioned process is present
in the capillary as well. Influenced by the electric field, N,"
molecules will move away from the HV electrode, and it is
likely that a cloud of a positive space charge will be formed in
front and behind the electrode, creating a transient effective
electric field, which will accelerate electrons further.

Early emission of the He* atoms was absent in the plasma
jet region during the negative voltage period. In the case of
negative polarity of the HV electrode, the free electrons will be
accelerated away from it and will gain enough energy to pro-
duce He* atoms at distances farther in the jet where the num-
ber density of He is substantially reduced. In the present ex-
perimental conditions, this would result with weak or non-
measurable 706 nm radiation. The accompanying N, ions

will be attracted to the HV electrode and the formed cloud of
a positive space charge will weaken the transient effective
electric field. In turn, due to reduced acceleration, the elec-
trons will become less capable of exciting He atoms, and the
whole process will eventually cease, thus preventing the for-
mation of the plasma jet.

When well-defined square wave HV is applied, it becomes
apparent that charge QOp transported through the capillary dur-
ing the positive period is smaller than the charge Oy in the
negative period. The charges Op and Qy for the square wave
voltages applied here are of the order of magnitude 1x107° C
and their differences AQ=0n—Qp are always positive for the
present electrode configuration. These differences can be at-
tributed to the currents related to the plasma jet. The existence
of the electrical current in the jet was qualitatively confirmed
in our laboratory using an inductive current probe. It was
found that the early signals in the jet coincide or are even
delayed with respect to the jet current. However, the used
current probe disturbs the plasma jet and no quantitative mea-
surements could be performed. Technically speaking, the jet
current occurs between HV electrode and an “ambient”
ground. The assumed transport of AQ occurs along some
effective path L.y during the time AT between occurrence
and cessation of the signal in the jet. The effective length
can be estimated as the distance between the HV electrode
edge and the end of the jet (in the present case: L.g~5 mm).
This means that the A7 can be defined as L/ vE, which yields
the simple expression ljet=vE AQ/ L for an approximate val-
ue of the plasma jet current. With the data given in the previ-
ous section, the calculated values of the plasma jet currents for
the applied voltages 1.96, 2.17, and 2.31 kV were 4, 8, and
20 pA, respectively. It should be mentioned that within the
error bars, the ratios of the relative He 501-nm line intensities
in the jet (see Fig. 5) correspond to the ratios of the estimated
Iie; values at various applied voltages. This is analogous to the
relationship between the coincident peak intensities and the
capillary plasma current, which was mentioned in the previous
section.

Relatively small voltage increase of 15 % (from 1.96 to
2.31 KV) yielded fives times larger plasma jet current. With
increasing voltage, the excitation propagation velocities and
consequently the plasma jet currents strongly increase. For
instance, in the case presented in Fig. 6, related to the results
obtained with the square wave HV with the amplitude of
3.2 kV, the excitation velocity was v*=50 km/s and the charge
difference AQ amounted to ~1 x107'° C. With the effective
length L.g~5 mm, this yielded f;~0.5 mA. Our detailed on-
going experiments in a relatively wide voltage range verify the
present consideration. The results of these experiments con-
firmed that the helium line intensities in the jet are linearly
proportional with the evaluated jet currents.

Similar consideration can be made for the early signal
propagation in the capillary during the positive voltage period
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of a square wave HV. In contrast to the AQ, the excitation
velocities in —x direction indicate the existence of a part of the
Op, which contributes to the positive plasma current through
the capillary before it reaches the maximum during the main
capillary discharge. In this manner, the relatively broad and
asymmetric positive current shapes with more or less pro-
nounced early local maxima can be explained.

Conclusion

The presented spatiotemporal OES investigations of the He
capillary DBD driven by the square wave-shaped high voltage
confirm earlier [22] finding that the plasma in the jet and the
capillary represent two events separated in time. The occur-
rence of the plasma in the jet precedes the discharge in the
capillary and exists only during the positive period of the
applied high voltage. It was shown that, compared to
sinusoidal-like voltage, application of the square wave HV
results with stronger He line emission in the jet. Because the
properties of the jet are essential for the efficient soft ioniza-
tion, this implies that the application of square wave HV is
more gainful for that purpose. Also, the use of the square wave
HV enabled comparison of the currents flowing in the capil-
lary and the jet during the positive and negative HV periods,
which yielded the estimation for the charge dissipated in the
atmosphere through the plasma jet.
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