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ABSTRACT

The spatially and temporally resolved optical emission from the helium capillary dielectric barrier discharge driv-
en by a square wave high voltage was measured simultaneously with the discharge currents during the positive
and negative voltage periods. The He and N3~ emission intensities were monitored at 501 nm and 391 nm, respec-
tively. The plasma jet was found to be formed only during the positive voltage period, and it preceded the dis-
charge ignition in the capillary. Thus, the measurements of the difference between the capillary discharge
currents during the positive and negative voltage periods enabled quantification of the charge, which was
transported through the plasma jet. The analysis of the spatiotemporal behavior of the He emission intensities
in the plasma jet yielded the velocity of the helium excitation propagation and the effective plasma jet length.
The combination of these measurements enabled determination of the absolute values of the plasma jet currents.
The linear relationship between the He emission intensities in the plasma jet and the plasma jet currents was
found to exist over the emission intensity range of two orders of magnitude. The N3~ emission intensity was
also found to be linearly dependent on the plasma jet current. The fast electrons, producing the excited He
atoms, were found to be located mostly within the estimated effective plasma jet length. In this region a cascade
of processes involving excited He atoms, N3~ and H,0 molecules lead to establishment of the conditions necessary
for the plasma jet to be used as soft ionization source. The production of reactive species can be related to the
plasma jet current, which can serve as a measure of the soft ionization efficiency.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, mass spectrometry can be regarded as one of the most
widely used and useful analytical methods. It requires ionized species
as an input, and except for the intrinsically charged analytes, the inves-
tigated samples have to be ionized. A necessity for real time or in situ
sample monitoring resulted with the need to ionize species outside
the mass spectrometer inlet and to use a sample with little or no prep-
aration at all. Dielectric barrier discharges (DBDs) have manifested
themselves as flexible and practical ionization sources which meet all
these requirements. Moreover, DBDs have additional favorable features
like high dissociation ability at low working temperature and low
power consumption [1], operation with a variety of gases at low flow
rates and versatile geometry [2], which make them attractive as a base
for construction of variety of analytical devices. Recent reviews [2-4]
summarize the basics of DBD operation, their development and the po-
tential for future applications. Due to their favorable characteristics, a
number and diversity of DBDs applications have extended beyond the
molecular mass spectrometry [5-8]. They have been used in many
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different scientific and technological areas, such as gas chromatography
[9,10], ion mobility spectrometry [11,12], atomic fluorescence and
diode laser spectrometry [13,14], element-selective detection [1], foren-
sics [15,16], in vivo analysis [17-19], plasma cleaning [20,21], ozone
generation for disinfecting water [22] and surfaces [23], pesticide test-
ing [24], as light sources [25,26], and as sources for atomic emission
spectroscopy [27,28].

The most important part of the capillary DBD for its use as ionization
source is the plasma jet formed at the capillary exit, which protrudes in
the surrounding atmosphere. The extensive investigations of the dy-
namics and the formation process of the DBD jet [29-35] lead to inter-
pretation that the jet is formed in a streamer like manner subsequent
to the discharge in the capillary, and that it propagates in the form of
so called plasma bullets. However, there are two investigations [30,
35], which indicated that the jet is formed independent of and prior to
the discharge in the capillary. The detailed spatial and temporal investi-
gation of this phenomenon has been reported recently [36,37].

The measurements in Refs. [36,37] were related to the plasma in the
capillary due to the discharge between the electrodes, so called elec-
trode plasma, as well as to the plasma jet, which is essential for the
soft ionization. During these investigations, various electrode configura-
tions were used. In the optimum configuration, i.e., when the plasma jet
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is the brightest and the longest, the front electrode near the capillary or-
ifice was connected to the AC high voltage (HV) output, while the rear
electrode was connected to the ground. By applying the time resolved
emission spectroscopy, it was found out that in the described electrode
configuration, the plasma jet occurs only during the positive voltage pe-
riod, while in the negative voltage period there was only a plasma in the
capillary present. Furthermore, it was revealed that during the positive
voltage period the plasma jet and the electrode plasma constitute two
events in time. The plasma jet formed before the occurrence of the plas-
ma current between the electrodes and the ignition of the electrode
plasma.

By comparison of the effects produced by the application of a sinu-
soidal-like HV (SLHV) and square-wave shaped HV (SQHV) generator,
it was found out that the application of the latter showed a series of ad-
vantages. First, the DBD could operate at much lower HV amplitudes
than in the case of the sinusoidal one. This means that at equal HV am-
plitudes the SQHV produces much more intense plasma jet than the
SLHV [37].

As it was shown previously [38-40], the He-DBD driven with a SLHV
can be operated either in a homogeneous or filamentary mode, which
can be distinguished by a single or multiple DBD current peaks during
one voltage duty cycle, respectively. In contrast to the case of SLHV,
the He-DBD operates in the homogeneous mode in a wide range of
the SQHV amplitudes with no jumps to filamentary mode.

Besides the mentioned advantages, the application of the SQHV
yields a possibility to get a better insight into the processes, which
lead to the formation of both the electrode plasma and the plasma jet.
When applying an AC high voltage, the current through the capillary
consists of two components. The first one is the displacement current
due to the polarization of the dielectric material, which is in contact
with the electrodes, and due to the polarization of the gas between
the electrodes. The second current component corresponds to the dis-
charge ignition and formation of the plasma in the capillary. The dis-
placement current is proportional to the time derivative of the applied
voltage (lgisp « dV(t)/dt), and in the case of SLHV it flows continuously
[36], thus it is difficult to draw any quantitative conclusions from the
comparison of the positive and negative current signals. In the case of
SQHV the displacement current has a form of a sharp peak matching
the voltage rising and falling edges. In this case the corresponding dis-
charge currents yield important information, which will be presented
in the following.

As shown previously [37], the comparison of the plasma currents
during the positive and negative period yields the opportunity to quan-
tify the charge, which is transported through the plasma jet. The present
investigation will show that by the determination of this charge in com-
bination with the time resolved measurements of the excited helium
line intensities in the plasma jet the absolute values of the plasma jet
current can be obtained. They can be directly related with line emission
intensities in the jet and also used as a measure for the soft ionization
efficiency. As the representative for He optical emission, the line at
501 nm was chosen. Simultaneously, the presence of ionized nitrogen
was controlled. The ionized nitrogen molecule is commonly accepted
as crucial for water protonation and subsequent soft ionization of
large molecular samples. For that reason the transient emission signals
of N3 at 391 nm, corresponding to the head of the N3 B-X band, were
measured.

2. Experimental section
2.1. Experiment

The experimental arrangement and the type of the capillary DBD
were the same as in our recent work [37] and it will be only briefly de-
scribed. The inner and outer radii of the used glass tube were 0.5 and
1 mm, respectively. The front electrode was connected to the SQHV gen-
erator (frequency: 2 kHz, peak-to-peak voltage maximum: 3.5 kV),

while the rear electrode was connected to the ground by a resistor
(R=100 Q) in order to measure the current. The output of the current
probe was fed to a two-channel 70 MHz storage oscilloscope (Agilent
DSO-X 2002A). The oscilloscope was working in the averaging mode
and triggered by a sharp displacement current peak. The measurements
were performed at constant He flow trough the capillary (0.5 SL/min),
while the SQHV amplitude was varied from 2.4 to 3.5 kV. The He
(501 nm) and N3 (391 nm) optical emission from the plasma in the
capillary and in the jet was observed at right angles with respect to
the discharge axis x and detected by a system comprising a 1 m
McPherson monochromator, an EMI 9789 photomultiplier and a home-
made fast amplifier. Two pairs of signals were measured. Simultaneous-
ly with the current, either HV or the photomultiplier amplifier (rise
time: 0.8 ns) output was monitored by 70 MHz digital storage oscillo-
scope triggered by the current signal. The current probe of the Agilent
DSO-X 2002A oscilloscope was used to measure the voltage over a
100 Q metal film resistor. In order to prevent the storage oscilloscope
against damage an over voltage protection G31A75 was set parallel to
the resistor. The sketch of the DBD configuration and the typical current
signals for two different square-wave HV amplitudes are displayed in
Fig. 1.

2.2. Measurements

The transient line emission signals of the He 501 nm and N3 391 nm
lines were measured stepwise (steps: 1 mm) along the DBD x-axis with
a spatial resolution dx = 0.3 mm. The origin of the X scale was set to the
right edge of the rear electrode and the measurements were performed
from the middle of the capillary (x = 5 mm) over the front HV electrode
(rightedge: x = 10 mm) up to x = 22 mm in the plasma jet. As reported
in our previous investigations [36,37], during the positive and negative
voltage periods there are strong He emission signals in the capillary be-
tween the electrodes, which coincide with the positive and negative
peaks of the discharge current. These coincident signals are negligible
in the region of the plasma jet. The emission signals, which precede
the plasma current ignition, occur during the positive voltage period.
These so called early signals are measurable in the capillary as well as
in the plasma jet region. During the negative voltage period the early
signals could not be detected. Unlike previously [36,37], only the early
signals will be considered here. Typical early emission signals of the
He 501 nm line measured at three positions outside the capillary are
shown in Fig. 2 together with the respective plasma current signals.
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Fig. 1. Typical time-dependent discharge current signals obtained for two peak-to-peak
voltage amplitudes (V, and V). The Tp and Ty label the ignition times of the discharge be-
tween the electrodes for the positive and negative voltage periods with respect to the cor-
responding sharp displacement current peaks. Inset: schematic diagram of the DBD
configuration. The electrodes are 1 mm wide and their centers are separated by 10 mm.
The edge of the front electrode has a distance of 2.5 mm from the capillary orifice.
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Fig. 2. Plasma current signals and early He 501 nm emission signals at three positions in
the region of the plasma jet measured with the peak-to-peak SQHV amplitude of V =
2.6 kV. The areas under the plasma current signals correspond to the charges Qp and Qn
transported through the plasma in the capillary during the positive and negative voltage
period, respectively. See further comments in the text.

Generally, in the present electrode configuration the ignition time Tp
was greater than Ty. The Tp and Ty values as well as their differences de-
creased with increasing voltage. The areas Qp = [Ip(t) dtand Qy = —
JIn(t)dt defined by the positive Ip(t) and negative Iy(t) discharge cur-
rent signals represent the charges transported through the capillary
and their values Qp and Qy for positive and negative current peaks are
different. In the present electrode configuration their difference Aq =
Qn — Qp was always positive. In the case when the rear electrode was
connected to the HV and the front electrode was grounded, this differ-
ence was practically zero. As mentioned previously, in that case the
plasma jet was negligible.

As can be seen in Fig. 2 the He 501 nm emission signals in the jet
occur in the period between the positive displacement and positive
plasma current. Here, we define the occurrence time as the time when
the particular emission intensity reaches its maximum. Both peak inten-
sities and occurrence times T strongly depend on the position x. Their
spatial distributions for the He 501 nm and N3 391 nm lines were mea-
sured at six different high voltage amplitudes ranging between 2.4 kV
and 3.5 kV, while the helium flow was kept constant. The obtained
data for the He 501 nm line are plotted in Fig. 3.

The first early signals of the He 501 line appear in the vicinity of the
HV electrode (x = 9 mm and 11 mm). With increasing distance from
the electrode the intensities in both +x and — x direction become larger
and their occurrence on the time scale is closer to the corresponding ig-
nition time Tp. The He intensities exhibit maxima at the capillary orifice
and continuously decrease in the jet with increasing x. The reciprocal
slopes dx/dT of the T(x) distributions yield the values for velocities VE,
which are attributed to the propagation of the excitation of He atoms.
The possible explanation of the dynamics of this process was outlined
in [36,37]. In the applied voltage range, the excitation velocities v§ in
the plasma jet are much higher than the velocities v§ and v5 in the cap-
illary near the HV electrode. As already stated previously [37], these ve-
locities cannot be attributed to either the velocities of the excited
helium atoms or the velocities of electrons responsible for their excita-
tion. However, as it will be shown in the following, the excitation veloc-
ity can be treated as a physical observable related to the charge
transport, i.e., the electrical current in the plasma jet.

The data for position-dependent peak intensities and occurrence
times of the N5~ 391 nm emission are plotted in Fig. 4. In contrast to
the case of He 501 nm line, the N3 early emission in the capillary is
weak, and becomes strong in the jet. The Is9;(x) distributions exhibit
maxima at a certain x position, which generally depends on the applied
He gas flow. With increasing HV in the present range, the maximum
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Fig. 3. (a) Position-dependent peak intensities of the early emission signals of the He
501 nm line measured at a series of applied voltages V. (b) Ignition times Tp (colored hor-
izontal bars) and position-dependent occurrence times T of the early He 501 nm line emis-
sion signals. The error bars are of the size of the symbols. The arrows labeled with V£ (n =
1,2, 3) represent the direction of the He excitation propagation velocities. See further ex-
planation in the text.
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Fig. 4. (a) Position-dependent peak intensities of the early N3~ 391 nm emission measured
at various voltages. (b) Position-dependent occurrence times of the early N3” 391 nm
emission compared with the He 501 nm line emission. The data for the He line are
taken from Fig. 3b. For the sake of the picture clarity only the data for V = 3.5 kV, 2.8 kV
and 2.4 kV are displayed. The error bars are of the size of the used symbols.
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values of Iso(x) and Izg;(X) increase strongly and in the same mutual
proportions.

As for the occurrence times, the early N3 391 signals are delayed
with respect to the He 501 nm signals in the region 10 < x < 13. This is
shown in Fig. 4b, where the occurrence times for N3 are compared
with those of He. For the sake of picture clarity, in Fig. 4b only a part
of the obtained data set is displayed. In the plasma jet, the occurrence
times of N3 and He emission signals match each other.

As can be seen in Figs. 1 and 2 there is a small current bump preced-
ing the ignition in the capillary at time Tp, When the HV positive slope
starts and the glass is polarized so that the surface of the glass is charged
positively the electrons in between the electrodes and outside the cap-
illary will be attracted and accelerated in the direction to the positively
charged glass wall under the positive electrode. Therefore, the small
current between the displacement current and the current peak at T,
might be the current initiated by these electrons starting from the
ground electrode in the direction to the positive charged glass surface.
When the energy of these electrons is sufficiently high enough metasta-
ble He atoms will be excited. These will generate N3 ions in collisions
with N, molecules. Then a part of the peak at T, is measured when
the much slower N3 ions reach the glass surface at the ground
electrode.

2.3. Analysis of the measurements

The higher excited He states can be produced by electron impact
form the ground state at rate R, or by He* and HeJ ions through ion-
electron recombination and ion-electron dissociative recombination at
rates R, and Rs, respectively. The corresponding contributions to the
created excited population N(He*) are proportional to R; x N(He),
R, x N(He™") and R 3x N(He3 ), where N(He), N(He") and N(He3")
label number densities of the He ground state atoms, ionized helium
atoms and ionized helium molecules, respectively. Although the excita-
tion rates R; (i = 1, 2, 3) are mutually comparable (see [41] and refer-
ences therein), the dominant contribution to N(He*) comes from
electron impact ionization of the ground state atoms because N(He) is
order of magnitudes higher than N(He™) or N(He3 ). Therefore, in the
following considerations we will attribute the creation of the population
in the upper level of the 501 nm helium emission line exclusively to the
collisions of the fast electrons and ground state He atoms.

The qualitatively different behaviors of He and N3~ emission distribu-
tions in the jet can be explained in the following manner. The excited He
atoms are produced in collision between helium ground state atoms
and fast electrons. For instance, to excite the lowest lying He excited
state (metastable 2s S state, energy: 19.82 eV) by electron impact,
the electron requires velocity of 2.5 x 10° km/s. The measured intensity
distributions Is;(x) correspond to the number densities nye(x) of He
atoms excited to the relevant upper state (3'P°), which is proportional
to the product of fast electron number density nf*{(x) and the density
of the ground-state He atoms nye(X). The nye(x) in the capillary has a
constant value n%. which is defined by the room temperature [38] and
atmospheric pressure, while outside the capillary it rapidly decreases.
Formally, ne(x) « n%e f(x), where f(x) is a function which amounts to
1 in the capillary, monotonously decreases from the capillary orifice and
equals to zero for x = . Thus, the intensity distributions of early He
emission signals can be represented by Iso;(x) * nef(x) n2(x). As
can be seen in Fig. 3a, the I5q; intensities in the region near the HV elec-
trode (8 <x < 11) are lower than in the jet. The comparison of the latter
expression for Isp; (x) with the measured intensity distributions given
in Fig. 3a, implies that the density of fast electrons in the vicinity of
the HV electrode (where He density is high and f(x) = 1) is smaller
than in the plasma jet. The fast electrons are localized in front of the
capillary in the region, which is several millimeters long.

As shown previously [38], the formation of N3 ions in the plasma jet
produced by the DBD working in filamentary mode is due to compara-
ble contributions of both Penning ionization of nitrogen molecules in

collisions with helium metastable atoms (HeM + N, — N3~ + e*°%)
and the charge transfer in collision of ground-state helium ion dimers
and nitrogen molecules (He3 + N, — N3~ + 2He). However, when
DBD is working the homogeneous operation mode, as in the present ex-
periment, the major production of N3 is due to the Penning ionization
process [38]. Therefore, the number density of the ionized nitrogen
molecules n;q (x) is proportional to the product of nye(x)- n, (X),

where nLe(x) and ny, (x) are the densities of He metastable atoms
and nitrogen molecules in the ground state, respectively. Following
the above consideration, the ground state number density of nitrogen
ny, (x) along the x-axis can be represented in the form ng, [1—f(x)],
where ny, is the nitrogen number density in the surrounding air atmo-
sphere (formally: at x = ). Thus, the distributions of the excited nitrogen
ionized molecules can be described by n;;q (x)e 0t (x) f(x)[1—f(x)].

Note that the shapes of the measured I59;(x) distributions are qualitative-
ly in agreement with the product f(x)[1 — f(x)], which equals to zero in
the capillary, reaches its maximum at certain position x in the front of
the capillary and decreases for large x-values.

The presented measurements show that the spatial and temporal
occurrence of the early discharge, i.e., the jet discharge, is in correlation
with the early emission signals of the helium lines. This discharge is spa-
tially localized within an effective plasma jet length Leg and temporally
within a period of time AT. As will be shown in the following, these
quantities can be deduced from the data presented in Fig. 3, and in com-
bination with the measured net charges AQ they enable the calculation
of the average electrical currents in the plasma jet. Similarly to the rela-
tionship between the intensities of the coincident emission signals and
peak currents in the capillary discharge reported earlier [37], it is plau-
sible to expect that the measured intensities of the early He emission
signals should be in direct proportion with the calculated plasma jet
currents.

3. Results

We consider the intensity and occurrence time distributions in the
plasma jet, i.e., for positions x > 13 mm. Here, we define the total inten-
sity of early He emission signals in the jet at particular HV in the form

M
I (mm a.u.) = Ax Y Isp;(X), where M (mm) is the maximum posi-
x=13

tion in the jet at which the intensities were measured, and Ax =
1 mm is the length increment. We define the effective plasma jet
lengths as the ratio of the particular total intensity and maximum inten-
sity 1T measured at X = 13: Leg(mm) = I59/195%. In this way, the mea-
sured continuously decreasing Iso; distributions are substituted by
rectangular profiles having the height 1257 and the length Leg. In that
simplified picture, the plasma jet discharge is restricted to the time in-
terval AT = Lg/V§, and an average current lier in that case can be defined
as Ijet = % = V% AQ/Leff.

The values for the charges Qy, and Qp and their differences AQ eval-
uated from the measured currents through capillary at various HV are
plotted in Fig. 5a. Fig. 5b shows the excitation velocities v§, which
were calculated from the 7(x) distributions plotted in Fig. 3b. The corre-
sponding effective plasma lengths L. were calculated from the I5q; (X)
distributions and they are displayed in Fig. 5¢c. By using the data in Fig. 5,
the plasma jet currents I, were calculated for each value of the applied
HV amplitude. The obtained I;¢; values should be regarded as maximum
values, since it is not excluded that the charge AQ is partially dissipated
along the path between the HV electrode and the capillary orifice. The
plasma jet currents are dominantly determined by the values of excita-
tion velocities. Namely, as one can see from Fig. 5a and c, both AQ and
Leg slightly increase with increasing voltage and their ratio AQ/Legr in
the considered voltage range is practically constant and amounts to
(1.6 & 0.1) x 10~ ' C/mm. The obtained l;e; values seem to be reason-
able in comparison with the currents measured in the capillary. For
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Fig. 5. (a) The values of the charges Qy, Qp and their differences AQ as a function of the ap-
plied HV amplitude. (b) The excitation velocities v§ evaluated as the reciprocal slopes of
the position-dependent occurrence times given in Fig. 3b. (c) The effective plasma jet
lengths Leg calculated from the early He 501 nm emission signals given in Fig. 3a.

instance, at highest HV amplitude of 3.5 kV, the average I is defined
within the time period AT = 60 ns and amounts to 1.67 mA. On the
other hand, at that voltage, the current corresponding to the negative
voltage period, which reflects the total charge transported through the
capillary (there is no jet present in the negative HV period), has the
full width at half-maximum of 150 ns and the peak value of 6 mA.

In order to find the correlation between the emission intensities and
calculated plasma jet currents, the diagram presented in Fig. 6 was con-

M
structed. For this purpose, the mean intensity values Ifj;" = 2123 Is01(X)
&

/(M—13 + 1) were calculated and plotted versus calculated values of Tje.
Within the error bars, an obvious linear relationship between I53;" ( col-
ored symbols) and Ije¢ is present. Qualitatively, the same result can be
obtained by plotting the maximum intensities versus current, because
the mean values for I5o; (x) distributions are scaled in the same propor-
tions as the corresponding maximum values at x = 13. In addition, the
normalized maximum intensities of the I3g;(x) distributions are plotted
in Fig. 6. The data are taken from Fig. 4a and, for the sake of the picture
clarity, normalized in the manner that the maximum intensity of the N3~
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Fig. 6. Relationship between He 501 nm and N3 391 nm emission intensities measured in
the jet and the calculated plasma jet currents. The mean intensities IS5 are related to the
Iso1(x) distributions plotted in Fig. 3a. The I5§]%* data are normalized maximum intensities
of the I391(x) distributions displayed in Fig. 4a. See further comments in text.

391 emission at 3.5 kV equals to 0.5. These data (circles) also show a
clear linear dependence on the calculated values of the plasma jet
currents.

As an additional check of the determination of plasma jet currents,
the above described procedure was performed using our recent mea-
surements [37] of spatiotemporal behavior of the helium emission in-
tensities at 706 nm at three relatively low HV amplitudes. Presently
used capillary DBD was not physically the same as the previous [37],
but it was one of the DBDs, which we construct routinely in our labora-
tory (all with the same geometry), all being nominally the same in the
sense of performance and important characteristics. The spatial and
temporal distributions of the He 706 nm line [37] are re-plotted here
in Fig. 7a and b. The mean values of I;95(x) data plotted against the cal-
culated plasma jet currents are shown in Fig. 7c. The linear relationship
between the measured line intensities and the calculated plasma jet
currents was confirmed, while the currents were one order of magni-
tude smaller than in the present experiment.
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Fig. 7. Relationship between the measured [37] intensities and the calculated plasma jet
currents obtained from the spatiotemporal behavior of the He 706 nm line. The measure-
ments [37] were performed at three relatively low HV. (a) Spatial distributions of the in-
tensities of the early He 706 nm signals. (b) Occurrence times corresponding to the
measured intensities. (c) The results of the calculations of 555" dependence on the jet cur-

rent performed following the procedure described here.

0.04



V. Horvatic et al. / Spectrochimica Acta Part B 113 (2015) 152-157 157

4. Conclusion

Without going into the details of charge dynamics leading to the
production of the plasma jet which occurs during the positive HV period
and precedes the discharge in the capillary, from the measurements of
the capillary discharge currents during the positive and negative period
of the square wave HV the resulting charge difference AQ can be deter-
mined. This charge difference is transported between the positive HV
electrode and the ambient atmosphere and leads to the formation of
the plasma jet. The investigation of the spatiotemporal behavior of the
early He emission line intensities yields the opportunity to define and
measure two physical quantities: excitation velocity v* and effective
plasma jet length Leg. The fast electrons producing the excited He
atoms are mostly located within the estimated effective plasma jet
length. In that region, where helium gas penetrates the air atmosphere,
a cascade of de-excitation and excitation processes starting with the for-
mation of ionized nitrogen molecules and establishing the conditions
for soft ionization is present. The efficiency of these processes can be
put in relation with the plasma jet current which is defined in the
form vE AQ/Les. The results of present measurements yield reliable
values for plasma jet currents and linear relationship with the early
He line emission intensities over the range of two orders of magnitude.
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