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Abstract

®

CrossMark

Investigations on the self-pulsing operation regime of a modified micro-scaled atmospheric
pressure plasma jet (u-APPJ) are presented. Using a wedge-shaped electrode configuration,
a self-pulsing behavior of the device is achieved, which is characterized by the repetitive
ignition of a constricted ‘y-mode-like’ discharge at the gas inlet, which propagates with the
gas flow towards the nozzle, where it extinguishes. The ‘y-mode-like’ feature coexists with the
homogeneous alpha-glow. Synchronized voltage/current and optical emission measurements
are presented in order to correlate the evolution of electrical quantities such as voltage,
current, dissipated power and phase with changes in the discharge structure. First insights
are gained into the underlying discharge dynamics responsible for a stable self-sustainment,
propagation and extinction of the constricted discharge. The results indicate that processes
induced by helium metastables play a major role. Maximal electron densities on the order
of n, =3.2 - 10'2 cm™ and dissipated power of 18.9 W are achieved in this novel operation

regime.

Keywords: microplasma, atmospheric pressure, self-pulsing, alpha glow, gamma-mode,

instability, discharge modes

(Some figures may appear in colour only in the online journal)

1. Introduction

Atmospheric pressure plasmas with micro- to millimeter
dimensions stand out due to their non-equilibrium electron-
driven chemistry at low gas temperatures. This unique char-
acteristic makes so-called ‘microplasmas’ attractive for many
applications, in particular in the manifold and strong inter-
disciplinary field of plasma medicine [1-4]. Microplasmas
are capable of producing a great variety of chemical reactive
species and photons needed in the treatment of heat-sensitive
biological materials like cells, skin tissue, and microorgan-
isms [5]. Examples of possible applications are their ability
to support wound healing processes or the sterilization of bio-
logically contaminated materials [6—8].

0022-3727/15/055206+11$33.00

Microplasma jets are a promising group of these devices,
which allow a localized treatment with species that, after
being produced in the active plasma region, are steered with
the afterglow towards the substrates being treated. However,
while the number of jet devices and their applications is
increasing continuously, the basic, underlying physics are still
not completely understood [9, 10]. In particular, capacitively
coupled (micro-) discharges with radio-frequency excitation
and operated at high pressures are susceptible to instabilities.
Two such examples are the ‘thermal’ instability and the ‘a—y
transition’ instability, whose appearance limits the stable and
reproducible long-term operation/application of these devices
[4, 11]. Both result in the formation of a localized ‘arc’ dis-
charge characterized by high temperatures and bright plasma

© 2015 IOP Publishing Ltd  Printed in the UK
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luminosity, which can lead to the destruction of the device
due to the high thermal load [12-15]. Hence, the safe appli-
cation of these discharges to heat-sensitive materials is not
guaranteed.

One well-investigated device is the micro-scaled
Atmospheric Pressure Plasma Jet (u-APPJ) based on a jet
design by Selwyn and co-workers [16, 17]. At room tem-
perature and with an atmospheric pressure helium gas flow
at 13.56 MHz excitation, the device forms a homogeneous,
stable glow discharge. By adding small amounts of molecular
oxygen or nitrogen as precursors, high densities of reactive
oxygen and nitrogen species (RONS) as well as high ener-
getic UV-radiation are produced, which all are accounted to
be responsible for the bactericidal activity of the plasma dis-
charge [18, 19]. It has been shown that the composition of the
reactive species produced in the u-APPJ can be tailored for a
specific application by varying the applied sender power: e.g.
atomic oxygen density grows with increasing power, whereas
the ozone density decreases [20, 21]. However, at high applied
sender powers the u-APPJ undergoes a transition to the arc-
like destructive operation regime.

In order to overcome the self-destruction at high powers,
we modified the u-APPJ by using a wedge electrode config-
uration instead of a coplanar one. Like the coplanar device,
above a distinct voltage threshold, a constricted high-lumi-
nosity discharge ignites (a—y transition). However, in the
modified device, the wedge configuration forces this feature
to move along the electrodes, thus resulting in a self-pulsing
behavior. This prevents the discharge from developing into
a stationary arc damaging the device. This particular opera-
tion is defined as self-pulsing operation regime. The cycle
starts with the ignition at the narrowest electrode gap and
ends when the constricted discharge extinguishes at the
nozzle. This cycle of the ‘self-pulsing u-APPJ’ (SP-u-
APP]J) repeats naturally with up to kHz frequency and will
be referred to in the following text as a ‘pulse’. It was dem-
onstrated for the SP-u-APPJ that plasma chemistry could be
tuned selectively for the production of atomic oxygen and
ozone [22].

Different kinds of self-pulsing operations have been also
observed in other plasma sources. For example, the so-called
‘gliding arc’, in atmospheric pressure discharges [23], or in
micro-hollow cathode discharges at medium pressure regime [24].

However, the SP-u-APPJ is an ideal model to investigate
the processes determining the transition between the discharge
modes in atmospheric RF discharges due to its optical acces-
sibility, its stable repetitive manner and its long time thermal
stability.

In this work, we concentrate on the two discharges modes
characterizing the self-pulsing operation regime, the homoge-
neous a-mode glow and a ‘y-mode-like’ constricted discharge.
The characteristics of the constricted discharge i.e. its igni-
tion and the formation of a stable ‘y-mode-like’ are studied in
detail. Furthermore, the change in discharge structure during
propagation and extinction is investigated. Therefore, elec-
trical measurements and phase-resolved optical imaging syn-
chronized to the self-pulsing are applied.

silicon bond seam

spacer

quartz window

/

gas inlet nozzle

position of smallest gap
distance of 1 mm

20 mm 30 mm

Figure 1. The SP-u-APPJ wedged electrode configuration. The
origin of the coordinate system applied here is on the discharge axis
at the nozzle as indicated by the black dashed arrows.

steel electrode 1 mm thick

2. Experimental setup and diagnostics

2.1. The self-pulsing micro-scaled atmospheric pressure
plasma jet (SP-u-APPJ)

The ‘self-pulsing” u-APPJ is a modification of the well-studied
original coplanar u-APPJ described in detail elsewhere [16]. Its
centerpiece consists of two stainless steel electrodes arranged
in a wedge-shaped configuration (see figure 1). The electrodes
are one millimeter thick and 30 mm long, forming a diverting
discharge gap increasing linearly from one millimeter to three
millimeters at the nozzle. The smallest gap distance of one mil-
limeter is identical to the one of the coplanar design. The direc-
tion along the electrodes is defined as z-axis with the smallest
gap distance at z = — 30 mm and z = 0 mm at the nozzle. The
inter-electrode direction will be denoted as x-axis throughout
the text with x = 0 mm at the center of the discharge gap.

In order to enclose the discharge volume, the electrodes are
covered by quartz windows from both sides (Corning 7980).
The use of quartz allows spectroscopic analysis down to the
UV-range and it resists high thermal loads. The stack, con-
sisting of windows and electrodes, is glued air-tight by a high
temperature-stable silicone (UHU-500653: T.x = 260 °C).
The silicone prevents air intrusion into the discharge volume.
Even at high temperatures and long operation, the silicone’s
flexibility prevents a possible break of the windows due to the
different thermal expansion coefficients of steel and quartz. The
bond seam is situated at the outer edge of the quartz windows to
circumvent a possible interaction between plasma and silicone.

A sinusoidal, rf-voltage signal at 13.56 MHz frequency is
applied to one of the electrodes via an impedance matching net-
work; the other electrode is grounded (see figure 2). Between
the electrode configuration and the gas inlet (6 mm tubing) a
coplanar spacer region is inserted made of 20 mm long quartz
panes with one millimeter separation. The additional length
allows optical access to the electrode region without limitation
by vignetting. Thus, even the plasma volume at the smallest
gap distance can be investigated optically with a maximum
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Figure 2. Experimental setup for synchronized electrical characterization and phase-resolved optical emission imaging. Synchronization
of electronic measurements to the self-pulsing is realized by using a pin probe and an envelope detector to generate a kHz trigger signal
for the oscilloscope. Optical imaging is synchronized to the ignition of the constricted discharge at the position of smallest gap distance
(z=-30 mm) via a trigger signal generated by a photodiode and amplified.

solid angle. The feed gas flow of pure helium is steered by a
mass flow controller and kept constant at 2 slm for all meas-
urements shown in this publication.

2.2. Electrical diagnostics setup

In order to characterize the electronic behavior of the jet during
self-pulsing, fast probes capable of resolving the 13.56 MHz
excitation (Tektronix: P5100A, 500 MHz, and CT-2,
200 MHz) are used. The voltage probe is directly attached to
the electrodes, whereas the current probe (current transistor) is
placed around the ground wire of the respective electrode (see
figure 2). Measurements in the self-pulsing operation regime
are synchronized to the voltage drop associated with the igni-
tion of the constricted discharge (see section 3.1) as the start of
a ‘pulse’. The signal is picked up capacitively by a pin probe
and filtered by an envelope detector consisting of a diode and a
low-pass filter, yielding only the kHz-components, before it is
used to trigger the oscilloscope. The signal waveforms are fed
to a digital storage oscilloscope (DSO) with 2 GHz bandwidth
and a digitizing rate of 10 GS s™! (LeCroy,WavePro 735zi).
The storage depth allows to save, in self-pulsing operation, the
complete current and voltage waveforms of a 833 us pulse-
cycle and still phase-resolve each rf-period of about 74 ns
within the pulse with a time resolution of 0.1 ns.

The phase-shift between current and voltage signals is
calculated using a home-made routine that determines the
positive zero-crossings in every rf-cycle. For this, a repetitive
linear interpolation within decreasing intervals close to the
zero crossing (nested intervals) is used. Then, the average of
all values is taken as the particular zero-crossing. Using this
data processing, phase-shifts between voltage and current can
be determined with an accuracy of + 0.2° within each period.
To account for the influence of the probes and the different

cable lengths on the phase-shift between the two signals, the
plasma-off-case at sender powers below ignition is meas-
ured and the resulting phase defined as —90° i.e. the device
is regarded as an ideal capacitor. By this procedure, changes
in discharge impedance and power are determined during a
pulse. For the discharge impedance, RF-excited capacitively
coupled discharges are described in electrotechnical terms
as a series connection of two capacitors, an inductance and
a resistor. The capacitors represent the sheaths, whereas the
resistor and the inductance represent the different proper-
ties of the plasma bulk (electron—neutral collission, electron
inertia), respectively [25].

For both operations regimes (cw and self-pulsing), the
dissipated power within one rf-cycle is calculated from the
obtained waveforms U(f) and I(¢) by

T
<Piy> =% { Ur) - 1(r)dt (1)

with 7= 1/f. To overcome the electronic noise of the 8-bit
analog to digital converter of the DSO, a floating average was
applied on the two original signals. The error of these power
determinations is large for small power values, but decreases with
increasing powers. For the power range covered in this contribu-
tion (see figure 4(a)), the values have an accuracy of 0.03 W.
For comparison, the dissipated power in cw operation has
been additionally determined using the calculated phase-shift by
1 A A
<PRiigs> =5U(t) -1(1) cos (¢), 2)
where Uf\t), I(\t) denote the signal amplitudes, respectively.
This is possible for the cw mode showing a pure sinusoidal
signal waveform, but not for the self-pulsing operation as
shown in figures 3(a) and (b).
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Figure 3. (a) Voltage (black, solid line) and current (red, dashed line) waveforms in the cw- operation mode. Both show a sinusoidal
behavior. (b) Voltage (black, solid line) and current (red, dashed line) waveforms in the self-pulsing operation mode. Both waveforms

strongly deviate from a pure sinusoidal curve.

a) cw-operation sp-operation 20
T T T TT T
------------------------ P
400 ¢ U,=415V I% TE:F oG 419
350 b c "L . ! continuous puising | 18
= 300f Bu™ 1(=80ps)
A= I c 1V
%250F 'm ) .
1 hybrid-mode : £16
& 200 a—rtransition g IF
£ Eo®
S 150} i 12
> (pure) e-mode !
100 F D
c ! 11
50 F A B —_—
0 o0—a© L L L L 0
o088 o010 0,12 0,14 0,16 0,28 0,20
current peak, + [A]

<power>_ [W]

b) cw-operation

sp-operation
-40 T L p.

G 4
A 4

]
1
|
]
1
1
|
]
|
C ciF 1
86| ad ]
1
|
1
1
1
|
|

phase-shift [°]

-87 | D

C(;Ar*"‘
B

A—h—A
0,10

0,16
Al

012 0,14 0,18

current [

0,20

Figure 4. (a) I-V curve (full squares) and I-P curve (open circles) for the SP-u-APPJ in helium with 2 slm gas flow. Depending on the
current (applied sender power is steadily increased), the device can operate in different operation regimes (in either a cw-operation or a self-
pulsing operation regime). (b) shows the respective evolution in phase-shift (full triangles).

2.3. Optical diagnostics setup

Phase-resolved imaging of the complete discharge volume
with high spatial and temporal resolution is realized by the
experimental setup illustrated in figure 2. The application
of a gateable ICCD camera (Andor: iStar DH320) allows to
display the evolution of the structure of the discharge, while
it ignites, propagates along the electrodes and finally extin-
guishes. The synchronization of the camera to the self-pulsing
is realized by a photodiode, placed at the position of smallest
gap distance. The signal generated when the constricted dis-
charge passes is amplified, delayed by a delay generator and
fed as trigger signal to the ICCD camera. The spatial resolu-
tion defined by the optical system and the dimension of the
camera pixel is about 40 ym. A detailed description of the
setup, including a discussion on adequate synchronization,
can be found in a previous publication [22].

3. Results and discussion

The most straightforward (spatially integrating) method to
evaluate the operation of the microjet device is to measure
electrical properties like current, voltage and phase between
them. As a secondary, but convenient parameter, the actual
dissipated power can be derived.

3.1. Different operation regimes and their discharge modes

Figure 4(a) exemplarily illustrates the current—voltage (I-V)
(full squares) and the current—power (I-P) (open circles)
dependencies of the SP-u-APPJ. Here, the positive peak
values for current /peax + and voltage Upeqr+ of the measured
waveforms are displayed. Figure 4(b) depicts the respective
evolution of the phase-shift (full triangles). Depending on the
current, the device can be operated in two different opera-
tion regimes, i.e. the cw-operation regime (low current, low
applied sender power) and the self-pulsing operation regime
(high current, high applied sender power). They should not be
confused with the various discharge modes occurring within
the operation regimes as described below.

3.1.1. cw-operation regime.

(Pure) a-mode. At sender powers yielding gap volt-
ages below Uy peak+ = 415 V (horizontal dashed line in
figure 4(a)), the wedge-shaped device operates in the
homogeneous cw-regime, like the original coplanar device
[16]. At ignition (A), i.e. at a positive voltage amplitude
of Upeak+ = 245 V and a phase-shift between current and
voltage of ¢y = — 89.5°, the plasma only expands to about
one-fourth of the discharge channel in the region close to the
smallest gap distance (z = — 30 mm). The dissipated power
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is about Pgis, = 0.10 W. The plasma emission consists of
an homogeneous glow with bright structures placed sev-
eral hundred micrometers in front of each electrode surface
This is characteristic for a bulk-ionization determined ‘a-
mode’ glow discharge [26]. With increased sender power,
the plasma expands laterally along the electrodes. Voltage,
dissipated power and phase-shift grow linearly in this region
until point B is reached, where the plasma extends to about
half of the discharge channel.

Transition: B—C. Increasing further the sender power to
point C, the voltage continues to rise to about Upeqy + = 305 V.
However, the dissipated power undergoes an abrupt jump
from 0.16 W to 0.39 W. The jump in power is correlated to
a phase jump from —89.4° to —88.7°, which indicates that the
discharge becomes less capacitive. This might be attributed to
the onset of additional ionization processes such as secondary
electron emission at the surface, or surface-near processes in
the sheaths, like Penning ionization of nitrogen impurities
and pooling reaction among helium metastables [27]. As the
plasma volume does not grow during this transition, it seems
to be more favorable for the discharge to initiate additional
processes to sustain itself than to increase the discharge
volume by breakdown at a larger discharge gap.

Region C-D. In the region from point C to D, the mea-
sured gap voltage, dissipated power and phase show a linear
behavior with growing sender power, until at point D a voltage
of Upeak+ = 380.5 V and a dissipated power of Pgiss, = 1.14 W
at a phase ¢y = — 87.6° are reached. This linear dependence,
normally typical for abnormal glow discharges at atmospheric
pressure [28], is in this case mainly due to the expansion of
the discharge volume in a linear increasing electrode con-
figuration. The plasma volume fills now almost the complete
channel volume.

Transition to hybrid-mode. By further increasing the sender
power, the discharge undergoes a second transition, indicated
by a steep rise in dissipated power and a decrease in phase. At
point E, the power rises to about Pgiss , = 2.24 W at a phase
angle of ¢y = — 85.9°. Anew, the capacitative contribution
to the discharge impedance decreases. In this regime, the
discharge is sustained by ionization by the formerly men-
tioned additional mechanisms in an amount comparable to
the volume-based ionization. In literature, it is addressed to
as ‘hybrid-mode’ or ‘a—y transition’ regime [21, 27, 29]. By
increasing the sender power to point F, the discharge volume
grows to fill the electrode configuration completely.

3.1.2. The self-pulsing operation regime. Beyond point
F (Unpeak+ = 415 V), the device enters the so-called ‘self-
pulsing’ operation regime, characterized by a decrease in
voltage, a clear increase in phase shift and power, and igni-
tion of a ‘constricted discharge’ feature of high luminosity at
z =— 30 mm. It subsequently propagates towards the nozzle
(z=0 mm) until it extinguishes at some lateral position z along
the electrode configuration. The particular position is deter-
mined by the voltage needed to sustain the discharge at wider
discharge gap distances. During its complete lifespan, equiva-
lent to ‘self-pulsing-cycle’ or ‘pulse’, this feature co-exists

with a homogeneous glow that fills the complete volume (see
figure 6). As voltages are lower than in the cw-operation, light
intensity of the ‘background’ glow is decreased compared to
the glow in the cw-operation regime, but still fills the com-
plete discharge channel.

At voltages just above the threshold F (not shown in
figure 4), constricted discharges appear randomly, propa-
gating only to about half of electrode length (z = — 15 mm).
By steadily increasing the sender power, they merge into a
continuous sequence of individual constricted discharges
self-pulsing at a stable frequency (see section 3.2 and [22]).
The sender power is further increased until the constricted
discharge can be sustained at the maximum discharge gap of
3 mm. This specific operational condition, i.e. stable continu-
ously self-pulsing along the complete electrode length, has
been chosen for the investigations described in the following
(point G), with a minimal voltage of 297 V, ., a maximal
power surge of 18.8 W and a phase-shift of —44.5°, all meas-
ured at r = 80 us after the ignition (see figure 5).

Figure 5 illustrates the evolution of voltage, discharge cur-
rent, phase-shift and dissipated power, during one self-pulsing
cycle of about 833 us duration at 1.2 kHz. Figure 5(a) shows
the positive envelopes of the actual voltage (black curve) and
current signal (red curve) consisting of the positive maxima
of each rf-period, respectively. Figure 5(b) displays the shift
in phase between current and voltage (red curve) as well as
the corresponding behavior of the calculated rf-averaged dis-
sipated power (black curve).

At ¢t = 0 us the constricted discharge ignites, characterized
by a steep decrease in voltage. Within the first 80 us (‘igni-
tion phase’), it drops about 30% from about 410 V,, , to the
minimal value of about 300 V, ., whereas the discharge cur-
rent rises to its maximum value of 0.19 A. Simultaneously
phase and input power increase to their maximum values
(pur=—44.5°, Pyissp = 18.80 W) indicating a significant resis-
tive contribution. At a cycle time of about = 1 us all four
quantities show an abrupt change in behavior. The voltage
stops falling and shows a local maximum before decreasing
to its minimum value. In contrast, the discharge current simul-
taneously undergoes a fast drop. Dissipated power and phase
show a similar, but less distinctive behavior as the current.
This striking behavior of the electric quantities during the
ignition phase will be investigated in detail in the next sec-
tion (see section 3.3).

The following time interval from 80 us to about 750 us
cycle time will be called ‘propagation phase’, as here the con-
stricted discharge mostly propagates throughout the discharge
channel (see section 3.3.2). It is characterized on the one hand
by linearly increasing voltage (corresponding to the increase
of the discharge gap while propagating) and on the other hand
linearly decreasing current, power and phase.

The final time interval of the self-pulsing cycle is referred
to as ‘extinction phase’, where the electric quantities deviate
from the linear behaviour shown in the previous phase. While
keeping their trend, the slope of voltage increase and phase
decrease change by about a factor of five. At the end of that
phase, the quantities have reached their starting values of the
ignition phase at r = 0 us.
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homogeneous alpha-glow. (b) Corresponding intensity distributions between the electrodes for the constricted discharge (top) and the
coexisting homogeneous a-mode glow at z = — 22 mm (bottom). The glow emission is measured by blocking the intense emission of the
constricted discharge, using 60 s integration time and a 5 ns long gatewidth.

The minimal dissipated power within the complete cycle is
about 10 W, five times higher than the maximal power surge
in cw-operation. The highest phase angle between voltage and
current is up to —75.6° compared to —85.9°. Consequently,
the device behaves substantially more resistive than in
cw-operation.

3.2. Coexistence of a-glow and constricted ‘y-mode- like’
discharge

Electrical measurements are global and thus cannot dis-
criminate between discharge features such as constricted and
homogeneous glows. A correlation to those can be achieved
by applying Phase Resolved Imaging (PRI). Figure 6(a)
shows a false color image of the spectrally integrated plasma
emission of the complete discharge volume in the self-pulsing
operation at t = 720 us cycle-time. The measurement has been
carried out with an exposure time of 2 s and a gate width of
5 ns, yielding an integration of plasma emission over 2400

self-pulsing cycles at the frequency of 1.2 kHz. As the inten-
sities of the different emission features differ by two orders
of magnitude, logarithmic scaling is used. The dashed white
lines indicate the edges of the electrodes and the white arrow
the direction of the gas flow.

The co-existence of two different discharge modes can be
clearly seen in the figure. A few hundred micrometers distant
from the electrode edges, symmetric broad emission struc-
tures are visible, which extend along the complete length of
the electrodes. These are characteristic for the so-called homo-
geneous ‘a-mode’ glow in capacitive coupled rf-discharges,
where the plasma is mainly sustained by volume ionization
[26]. The typical emission of the positive column in the center
of the two structures cannot be displayed here, since it is too
weak referring to capture parameters of the camera used here.
At z = — 4 mm, the emission of a very bright, constricted dis-
charge can be observed. It consists of two broad structures
(‘feet’) of several millimeters in width at a close distance to
the electrode surfaces. These feet are interconnected by a less
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Figure 7. Sheath thickness and electron density as a function of lateral position z at operation parameters at the threshold of operation
mode transition (point F in figure 4). Thicknesses have been estimated via the distance of sheath emission maxima and electrode edge.
Electron densities are calculated assuming a matrix sheath model [30]. The values at 1 mm gap distance (z = — 30 mm) are compared to a
1D hybrid model for the coplanar device (black dashed square) [21, 31].

intense central, columnar structure (‘central glow’) of about
0.7 mm in width (FWHM), which is slightly bent in the gas
flow direction.

Figure 6(b) shows the corresponding vertical intensity dis-
tributions of the co-existing discharges. At the bottom the a-
glow emission at z = — 22 mm, where the dark spaces between
each emission structure and the respective electrode edge are
attributed to the positive space charge sheaths typical of the a-
mode. The glow emission is measured by blocking the intense
emission of the constricted discharge, using 60 s integration
time and a 5 ns long gatewidth. Hence, the absolute intensities
of both discharges cannot be related to each other in this figure.

In the top figure (constricted discharge), the emission pro-
file of the constricted discharge resembles those of rf-excited
discharges at moderate and atmospheric pressure, when oper-
ated in the so-called ‘y-mode’ shown by Raizer et al and
Yang et al, respectively [28, 25]. This particular discharge
mode is characterized by (I) intense sheath emission, (II) a
high increase in power density due to a decrease in phase,
(IIT) a drop in voltage compared to the a-glow mode and (IV)
secondary electron emission from the electrode surface sus-
taining this discharge [13, 15, 25, 28].

Since our device shows the same characteristics in the
self-pulsing operation (see figures 4-6), it is reasonable to
assume that our constricted discharge can be identified as the
known ‘y-mode’ discharge of rf-excited capacitively-coupled
plasmas.

The two main characteristics of a y-mode discharge are on
the one hand, the transition from an a-glow induced by the
a-sheath breakdown and on the other hand, the sustainment of
the discharge by secondary electron emission at the electrode
surfaces (y-coefficient). The first means that the voltage across
the a-glow sheath in the cw-operation (point E, F in figure 4)
exceeds the breakdown voltage of a gas gap of the same size
[12]. To estimate a value for the sheath thickness s we take the
distance between the sheath emission maxima and the elec-
trode edges for the a-glow in the ‘hybrid-mode’ i.e. on the

verge of transition to the self-pulsing regime and ignition of a
constricted discharge [21, 27]. This is correlated very crudely
in the so-called ion sheath model i.e. ions at rest in the sheath
to the averaged sheath ion density by

s 2eo¥h (3)
q.ls

[30]. Here, € is the dielectric constant, V, the sheath voltage
(assumed to be the rms value of the measured peak voltage),
q. the elementary charge and n, the respective sheath ion den-
sity. Figure 7 shows the measured sheath-thickness and the
calculated bulk electron density as a function of lateral posi-
tion (z-axis).

The sheath thickness (black squares) increases with
growing gap distance, whereas the electron density (red
circles) decreases. The values of n, = 4.0 - 10! cm™ and
s = 285 um at the position z = — 30 mm (1 mm wide elec-
trode gap) are in good agreement with the values resulting
from a 1D hybrid-model for the co-planar u-APPJ in this par-
ticular hybrid mode developed by Waskoenig for pure Helium
without admixtures [21, 31]. For an assumed power density of
3 W cm™2 in the simulation, compared to the measured power
density of 7.4 W cm™2, an rf-averaged sheath thickness of
250 um (FWHM) and an electron density of n, = 1.2 - 10'! is
calculated. The difference by roughly a factor of two in power
density might be explained by the double plasma volume
(6 mm?) of the wedge-shaped electrode configuration com-
pared to the coplanar one (3 mm?). The model predicts the
transition into the ‘y-mode’ if the applied power is increased.

Since, concerning the SP-u-APPJ, electron density is max-
imal and sheath thickness is minimal at the position of smallest
gap distance (z = — 30 mm), the ignition of the constricted dis-
charge is possibly achieved by sheath breakdown mechanisms
at this position. This agrees with the PRI measurements that
show how the ‘y-mode’ discharge always ignites at just this
position within each self-pulsing cycle (see figure 8(c), (i)).
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has been used for all sub-figures (i)—(vi). The dashed white lines indicate the electrode surfaces.

The repetitive nature of our discharge makes it possible to
provide novel experimental evidence on the sheath-breakdown
by investigating the ignition processes using phase-resolved
imaging (PRI) on a nanosecond timescale synchronized to the
ignition.

Concerning the sustainment of a ‘y-mode’ discharge at
atmospheric pressure it is has been stated in literature that
Penning ionization of nitrogen by helium metastables and
pooling reactions of the latter are key mechanisms to sustain
the discharges in the a- as well as in the ‘y-mode’ in contrast
to secondary electron emission from the electrodes like in the
low pressure case [29]. Therefore, the term ‘y-mode-like dis-
charge’ might be more reasonable [27, 31].

In order to tackle this issue, we have investigated the time-
and space resolved behavior of helium metastables in the
self-pulsing operation. The results of this investigation can be
found in a recent publication of the authors [33].

Addressing the coexistence of both types of discharges (a
and y), an explanation for atmospheric pressure plasmas has
been given by Moon et al based on the work of Raizer et al for
the medium pressure regime [15, 25]. This phenomenon occurs
if the minimum voltage during the self-pulsing cycle (here

about 300 V, see figure 5) is sufficiently high to maintain an a-
glow in the discharge gap (see figure 4). This is the case as the
minimum voltage to sustain a pure a-glow is as low as 245 V.

3.3. Constricted y-mode-like discharge

3.3.1. Ignition and formation of a stable discharge. A com-
parison of high temporal resolution of electrical and optical
measurements allow a detailed insight into the specific dis-
charge processes throughout a self-pulsing cycle. Figure 8
shows the evolution of the electric quantities (peak voltage,
peak current, phase, input power) for the first 80 us within
a cycle (figures 8(a) and (b)) and the corresponding ICCD
images of the spectral integrated plasma emission of the con-
stricted discharge for selected cycle times (figure 8(c), loga-
rithmic scaling). The dashed white lines in figure 8(c) indicate
the edges of the first four millimeters of the electrode configu-
ration. The optical measurements have been carried out with a
gate width of 5 ns and an exposure time of 2 s. The emission
from the coexisting a-glow is not visible in the images due
to the great difference in light intensity between the two dis-
charge modes (see figure 6(b)).
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Figure 9. Left ordinate: Location of the constricted discharge within the self-pulsing cycle. Right ordinate: Emission intensity of the
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As discussed previously, at the time of ignition (¢ = 0 us),
a narrow discharge (full width half maximum (FWHM) of the
upper foot of about 500 um) forms at z = — 30 mm due to the
a-sheath breakdown accompanied by a fast drop in voltage
and rise in current, phase and dissipated power. Two micro-
seconds later (¢ = 2 us), the width of the discharge increases to
700 um and the emission of the feet structures and the central
glow have gained intensity (image ii)). At this moment, the
voltage is still dropping, whereas current, phase and dissi-
pated power reverse their trends. At £ =5 us, the width increase
continues (FWHM ~ 900 um), the voltage has decreased to
its local minima of Uy peak,+ = 346 V and current, phase and
power have undergone an abrupt drop to their local minima of
0.17 A, =62.7° and 12.3 W, respectively.

This behavior can be explained by the appearance of an
ionization wave, formed as a result of the sheath breakdown,
which travels through the gap between the electrodes [25]. The
maxima at r = 2 us of current, phase and power, occur when
the wave has crossed the complete discharge gap. After the
ionization wave has passed, excited states and an amount of
seed metastables states, have been created as indicated by the
growth in width and intensity of plasma emission at t = 5 us
(see figure 9). Hence, a drop of current, power and an increase
in phase towards a more capacitative behavior is observed,
since the energy loss of the electrons, due to the excitation
processes, might diminish the electron amplification.

As the sheath-breakdown and electron dynamics occur
on nanosecond timescale of the corresponding rf-excitation
frequency and the ionization wave has expired, discharge
processes, induced by long-living species with lifetimes of
microseconds must be responsible for this distinct ‘slow’
evolution within the first five microseconds. Reasonable can-
didates for such processes are the above mentioned Penning
ionization and the pooling reactions, induced by the ‘seed’
metastables, produced in the course of the ionization wave,
which have lifetimes of microseconds at atmospheric pressure

[32]. Therefore, it can be assumed that helium metastables
determine the discharge dynamics here and in the complete
self-pulsing cycle.

In order to further sustain the discharge and to increase the
discharge current again, the voltage grows now to its distinc-
tive local maximum of about 350 V (arrow in figure 8(a)).
This is a typical behavior for a discharge in the abnormal
glow regime [26]. The effective electron temperature rises,
that initiates self-amplifying ionisation processes like
Penning Ionization and metastable pooling reactions, leading
to an increase in plasma emission intensity to its maximum
(at about ¢ = 30 us), and growth of the different structures of
the constricted discharge. During this phase, the width of the
‘feet’ in the images indicates that the constricted discharge is
not fully established, since it is smaller than the width in the
propagation phase by a factor of two (¢ > 80 us, [22]). This
evolution can be seen in image (iv) and (v) of figure 8(c) for
t =15 us and t = 30 us, respectively, yielding a continuous
growth of current accompanied with the decrease in voltage
and phase, until about a time of # = 80 us.

At this point, the formation process of a stable discharge is
finished and the discharge takes its final shape (see image vi).
This consists of long and thin sheaths (feet) close to the elec-
trodes and a less intense central glow (comp. figure 6(a)). The
‘y-mode-like’ constricted discharge is now self-sustaining,
with a minimal voltage of 297.0 V and maximal current and
power of 0.188 A, 18.9 W (see point G in figure 4). Applying
the same estimation procedure to determine the bulk electron
density, a value of n, = 3.2 - 10'2 ¢cm™ is obtained, which
is one order of magnitude higher than in the cw-operation
regime. Sheath-thicknesses are in the order of 100 um.

3.3.2. Propagation. Figure 9 shows on the one hand (right
ordinate) the evolution of the emission intensity of the con-
stricted discharge within the self-pulsing cycle. For the sake
of clarity, only the behavior of the central glow is shown. (The
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emission of the two feet structures shows the same trend).
The displayed intensity values have been determined in the
center of the glow along the central axis of the discharge
channel. Here, the emission maximum during the ignition
phase at about t = 30 us can be seen clearly, indicating the
increasing contribution of sufficiently energetic electrons (see
section 3.3.1).

In order to get an idea of mechanisms responsible for
the propagation and the necessary sustainment of the con-
stricted discharge, phase-resolved imaging has been applied.
This is illustrated in figure 9 by the temporal evolution of
the constricted discharge shape, where the time in the self-
pulsing cycle starting at the ignition (# = 0 us) at the gas inlet
(z = — 30 mm) correlates with the spatial position (left ordi-
nate) of the particular discharge structures within the dis-
charge volume (see section 3.3.1). For analysis of the shape,
characteristic points of the discharge structure are chosen i.e.
the foot tail (black squares), the foot head (green triangles),
and central glow (red circles). The position of feet head and
tail are determined from the ICCD images by taking the first
pixel position with a measurably intensity above noise level.
For the sake of clarity, both are labelled in the sub-image of
figure 9. The vertical distance between the points at one par-
ticular time indicates the lateral width of a feet structure.

For the first 5 us after ignition at z = — 30 mm, the sheath
is symmetrically positioned around the discharge core (see
figure 8(c)) and no propagation is observed. Then the foot head
accompanied by the central glow starts to propagate towards
the nozzle. The foot tail stays located at the gas inlet for about
30 us, after which it copropagates along the electrodes. During
the propagation, the distance between foot head and tail firstly
expands from about 2.5 to a maximum of 6 mm after about
one third of the electrode length (z ~ — 20 mm, 7 ~ 200 us).
During this time, the central glow moves forward from a rela-
tively central position at 45% of the foot length to a position
25% of the lateral foot width behind the leading head. Beyond
this point, the lateral feet widths seem to continuously reduce
to about 3 mm at the nozzle. It has to be noted that due to
the reduction in intensity the determination of the exact feet
widths is more difficult in this time period. For most of the
distance, the relative position of the central glow stays con-
stantly at a value of about 30% . At about 750 us (extinction
phase), in the vicinity of the nozzle, firstly the feet heads and
then the central glow stop propagating while the feet tails keep
propagating for about 50 us, before stopping as well.

Apart from the above described behavior, the shape of the
constricted discharge does not change during the complete
‘propagation phase’(r = 80-750 us). It resembles the emis-
sion structure at a cycle time of r = 80 us shown in figure 8(c).
The propagation velocity, indicated by the changing slopes of
the curves, was explained by the authors in a previous pub-
lication in the image of a neutral gas volume traveling with
the laminar gas flow at a given temperature in a diverting
discharge channel [22]. This is in contrast to a propagation
dominated by drifts of charged particles or thermal processes
like buoyancy as for example in gliding arc discharges [23].
Therefore, it stands to reason, that the neutral species propa-
gating with the gas flow and sustaining the discharge, are the
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helium metastables. During the ignition process, a cloud of
‘seed’ metastables is produced, that is then pushed forward
by the gas. The metastables can then initiate further ioniza-
tion, which is necessary to sustain the discharge at a wider gap
distance. This is supported by the behavior of the self-pulsing
frequency under a variation of the feed gas flow. It grows lin-
early from 900 Hz to 1500 Hz with increasing Helium flows.

3.3.3. Extinction. At about ¢t = 750 us (extinction phase), the
foot head of the constricted discharge arrives at the nozzle of
the device (see figure 9). The voltage and the absolute value
of the phase increase abruptly, whereas the dissipated power
decreases (see figure 5). The discharge current, on the one
hand, keeps the previous linearly decreasing trend. As the
metastables are pushed by the gas flow out of the discharge
channel, the production of charge carriers fades. This can-
not be compensated by the production of new ones, since the
electric field is too weak at the large gap distance at this posi-
tion (Ax = 3 mm), even when increasing the voltage drop to
the maximal possible value. This results in a more capacitive
behavior of the discharge and reduces the dissipated power. A
further loss channel for charge carriers is quenching by intrud-
ing molecular nitrogen from the ambient air impeding the sus-
tainment of the discharge [32]. Thus at # = 833 us, the voltage
drop at this set of operation parameters exceeds the neces-
sary voltage to reignite at the favorable condition of the lateral
position of smallest gap distance (4x = 1 mm, z = — 30 mm).
The discharge extinguishes at the nozzle at r = 833 us and a
new self-pulsing cycle is started.

4. Conclusion and outlook

The self-pulsing operation regime of a wedge-shaped micro-
scaled atmospheric pressure plasma jet has been investigated
(SP-u-APPJ). At constant operation parameters, it is charac-
terized by the coexistence of a homogeneous ‘a-glow’ and a
constricted ‘y-mode-like’ discharge. The constricted discharge
ignites repetitively at the gas inlet at a frequency of 1.2 kHz,
and propagates with the gas flow through the discharge
channel towards the nozzle, where it extinguishes. During
the ignition period, which last about 80 us, the constricted
discharge builds up to a stable and self-sustained one. First,
an ionization wave, induced by the breakdown of the alpha-
glow sheath (a—y transition or instability), produces a pool
of ‘seed’-metastables, which then initiate the onset of charge
multiplication processes. Meanwhile the discharge undergoes
an ‘abnormal’ regime, indicated by high emission intensity,
before it reaches its stable state with minimum voltage and
maximal dissipated power. Electron densities are one order of
magnitude higher than in the equivalent coplanar device.
Furthermore the change of discharge shape during propa-
gation and extinction has been investigated in order to gain
information about possible species involved. The results
suggest that helium metastables induced processes such as
Penning ionization and pooling reactions play an impor-
tant role in the sustainment and the propagation dynamics
of the constricted discharge. Helium metastable densities
are measured time- and space-resolved, synchronized to the
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self-pulsing by tunable diode laser absorption spectroscopy
(TDLAS) [33].

The stable repetitive manner of this device allows the
experimental investigation (proof) of ignition processes like
a-sheath breakdown. This will be carried out by the authors
using phase-resolved optical emission spectroscopy on the ns-
timescale synchronized to the ignition.
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