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Abstract

When a piezoelectric transformer (PT) is actuated by a low input voltage (~10 V),
electromechanical coupling leads to a very high (~10° V) surface potential at the distal end that
can ionize the surrounding gas and lead to a plasma jet emanating from the surface. PTs are
attractive for non-equilibrium plasma generation because of their simple operation, low required
input voltage, and low power consumption. In this work, the time-resolved characteristics of the
free surface plasma jet generated by a PT operating in open air have been investigated. The
temporal evolution of the PT-driven plasma was visualized by using an intensified CCD camera
and plasma formation was correlated with the current behavior of the plasma jet. Notably, the
plasma formation is a discrete process, appearing at a relatively fixed phase of the sinusoidal
input, and the strongest plasma jet appears at the end of the positive half-cycle. Simultaneous
measurements of the current show that the discharge current response is consistent with the
chaotic mode for a plasma jet and appears statistically about a 1 us earlier than plasma jet light
emission, which indicates that there is a strong afterglow. With a low input voltage required for

operation, these types of PT-driven plasma jets could have wide utility in emerging plasma
applications beyond the laboratory, such as in healthcare and water treatment.

Keywords: piezoelectric transformer, free plasma jet, streamer corona, plasma afterglow

1. Introduction

Atmospheric pressure gas discharges have been extensively
utilized in a variety of fields owing to their unique physical
and chemical properties [1]. One of the most promising
plasma devices is the non-equilibrium plasma jet (or cold
plasma jet) because it extends the discharge region outside of
the gap of electrodes and allows interaction with remote
subjects [2]. Common approaches to generating a plasma jet
require high-voltage power sources with frequencies spanning
pulsed DC (kHz) to microwaves (GHz) [3—10]. Pulsed or
high-frequency operation temporally limits the applied field,
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which prevents the transition from non-equilibrium condi-
tions to equilibrium conditions. However, the reliance on
high-voltage, high-frequency power supplies constrains most
of these devices to laboratory settings, limiting their appli-
cation as portable devices in non-laboratory, field applica-
tions. Since these devices can be used for applications
including water purification [11, 12], wound healing [13—15],
and even agricultural fertilization [16, 17], technologies that
enable portable plasma sources could be profoundly
impactful.

To date, there have been a variety of battery-powered
devices that have been demonstrated to meet this field-port-
ability challenge [18, 19]. However, the electrical circuitry for
these systems are generally complex and require batteries that

© 2020 IOP Publishing Ltd
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ultimately need to be recharged or replaced. An alternative
approach would rely on an energy conversion strategy where
either mechanical energy [20] or thermal energy [21] is
directly converted into plasma generation, foregoing the need
for any electrical power supply at all. To that end, the
piezoelectric effect of non-centrosymmetric crystals, such as
lead zirconate titanate (Pb[Zr()Ti(;.,)]O3, PZT) and lithium
niobate (LiNbO3, LN), offer one potential approach to over-
coming the need for a high-voltage power supply.

Non-centrosymmetric crystals are materials whose crys-
tal lattice lacks an inversion center, which in turn allows them
to be easily polarized. One subset of these are piezoelectric
crystals, where mechanical stress can induce strong polar-
ization and in turn lead to high electric potentials on the
crystal surface (called the direct piezoelectric effect). If the
mechanical stress is applied properly (e.g. periodic with suf-
ficiently high magnitude and/or frequency), the induced
surface potential can breakdown the surrounding gas and
produce a non-equilibrium gas discharge. To our knowledge,
while such piezoelectric materials can be used for spark
generation (such as in spark igniters), there is no published
report on using the direct piezoelectric effect for non-equili-
brium plasma generation. One of the limiting factors is the
lack of comprehensive knowledge about the fundamental
mechanisms for mechanical-to-plasma generation and the
difficulty of providing a proper mechanical stress. To that
end, piezoelectrics materials are most often utilized for
plasma generation in the form of piezoelectric transfor-
mers (PTs).

PTs are compact, lightweight, and high-efficiency elec-
trical transformers that can produce high-voltage AC output
in response to periodic mechanical stress induced by a low-
voltage AC input [22]. They have been widely used as high-
voltage sources in cold cathode fluorescent lamps (CCFLs) to
backlight liquid crystal displays (LCDs) [22, 23] and as AC-
DC converters [24]. First demonstrated as a plasma source by
Itoh et al [25], PTs have now been incorporated into dielectric
barrier discharges (DBDs), corona discharges, and glow dis-
charges [26-33]. They have also been used to produce plasma
jets, with a number of groups using cylindrical-tube shaped
PTs [34-36]. More recently, Johnson et al [37] characterized
the electrical and optical properties of helium and argon
plasma jets driven by a versatile rectangular PT and compared
it against a high-voltage driven counterpart. Similarly, Babij
et al [38] designed and tested a PT-powered capillary plasma
jet system serving as an ionization source for ambient mass
and ion mobility spectrometry. In these studies, as well as
some on corona discharges driven by PTs [28], the plasma
initiated from the end of a sharp-tipped electrode attached to
the high-voltage output surface of the PT. However, utilizing
attached electrodes may not be the most efficient approach
because high surface potentials on the edges of the PT itself
can also ionize the surrounding gas and lead to the loss of
energy [39].

An alternative approach is to use PT itself as one of the
electrodes, where the plasma forms directly off the high-
voltage surface of the PT. In our prior work, we showed that a
plasma streamer can be formed directly from the corners of a
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Figure 1. Schematic of a Rosen-type PZT PT utilized for this work.
The gray areas on the top and bottom (hidden) of the primary part
represent the input electrodes. White arrows indicate the polarization
directions of each part. The orange and blue lines in the plot
represent the displacement wave and mechanical stress formed when
running the PT at its second harmonic, respectively.

rectangular PT crystal without any second grounded electrode
[39]. When operating at a sufficiently high input voltages
(220 V), this streamer shares many characteristics with a
plasma jet, with the exception that it is formed off a free
surface as opposed to the conventional picture of being
formed in a constrained gas flow [40]. These free plasma jets
open the possibility of using PTs to efficiently produce
plasma jets without a high-voltage power supply or a source
of forced gas flow.

Vital to the development of an energy conversion plasma
source that utilizes the piezoelectric effect is establishing a
better understanding about how the plasma forms on the
piezoelectric surface. In this paper, we report time-resolved
measurements of a free plasma jet formed off the surface of a
commercial PT actuated by a low-voltage (~25 V) AC
input. High-speed imaging reveals the temporal evolution of
the discharge from the surface and simultaneous high-speed
electrical measurements show the relationship between the
current and plasma emission. We found that the plasma itself
forms consistently at a certain phase in the low-voltage
actuation cycle, sometimes forming a single jet and some-
times forming a second jet, and statistical analysis reveals that
the plasma jet is operating in a chaotic mode. A comparison
of the emission and electrical characteristics show that the
plasma emission is phase-shifted from the peak current,
typical of an afterglow.

2. Experimental method

2.1. Piezoelectric transformer

The piezoelectric crystal employed in this paper is a Rosen-
type PT [41], shown in figure 1. It is a combination of two
PZT crystals whose polarizations are perpendicular to each
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other. Analogous to the electromagnetic coupling in a con-
ventional magnetic core transformer, a PT converts low-
voltage AC input to a high-voltage AC output through innate
electromechanical coupling: the input signal V;, induces the
converse piezoelectric effect in the primary part of the PT,
leading to a standing displacement wave in the PZT crystal
that subsequently applies mechanical stress to the adjacent
orthogonally-polarized PZT crystal (secondary part), which in
turn forms an output V. due to the direct piezoelectric effect.
The voltage gain of a Rosen-type PT can be evaluated by

%ut L
—  k;k;O—, 1
v zzQH (D

where k, are k; are transverse and longitudinal piezoelectric
coupling coefficients, respectively [42], Q is the mechanical
quality factor, L is the total length of the PT, and H is the
thickness of the crystal. The energy conversion changes in
response to the frequency of the AC input, and the most
efficient conversion occurs at harmonics of the resonant fre-
quency of the crystal, with voltage gains on the order of
10%-10° possible [37, 39, 43]. Practically, the PT is mounted
such that it is pinned at the nodes of the induced standing
wave. An input AC voltage is applied to the faces of the
primary part of the PT, and the distal end of the secondary
part achieves the highest surface potential and voltage output.

In this work, we used a 53 mm long X 7.5 mm
wide x 2.6 mm thick commercially-available PZT PT (Stei-
ner & Martins, INC model SMSTF68P10S9). The PT was
operated in its second harmonic mode (second resonant fre-
quency) such that the PT was mounted on an apparatus that
pinned the PT at the nodes of the displacement wave, as
shown in figure 1 (along with the induced mechanical stress).
Nodes are located at L/4 and 3 L/4, indicated by the black
dashed lines in figure 1. Plastic, rather than metal, mounts
were employed to avoid triple-point enhancement, which can
cause gas breakdown at the node at 3 L/4 [44]. The as-pur-
chased PT is designed to be a high-voltage power source,
such that it comes with a silver electrode on the surface of the
secondary electrode. In order to better understand the dis-
charge produced purely on the PZT surface and not influ-
enced by the material coated on the surface [44], the native
silver output electrode was etched away using nitric acid
before conducting this work. Three different PTs were uti-
lized to confirm that the observed behavior was repeatable; all
three produced similar results, and the data presented here is
for only one of those PTs.

2.2. Experimental approach

In order to operate the PZT PT at its second resonant fre-
quency, the input current and voltage were simultaneously
monitored. As the frequency is varied and the PT approaches
resonance (67.6 kHz for the PT used here), the input current
becomes in phase with the input voltage, and its magnitude
increases significantly due to a decrease in the PT’s impe-
dance. Figure 2 shows the schematic of the experimental
apparatus for this study. The input voltage was generated by
amplifying a sinusoidal waveform from a function generator
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Figure 2. Schematic of the experimental apparatus employed to form
a free plasma jet (the violet region) off the surface of a PT. The
dashed lines represent cables to trigger the oscilloscope and ICCD
camera. The golden arrows represent plastic components used to
mount the PT at the nodes of the second harmonic displace-

ment wave.

(Keysight 33210A) through an RF amplifier (Powertron,
Model 509A) and measured using a high-frequency voltage
probe (Tektronix TPP0101). Input current was measured with
a Pearson current monitor (Model 4100). Both voltage and
current measurements were monitored using a digital oscil-
loscope (GW Instek GDS-1054B) at the sampling rate of
200M samples per second.

Time-resolved images of the free plasma jet were taken
with an ICCD camera (Andor iStar intensified sCMOS)
equipped with a 60mm lens (Nikon AF Micro Nikkor,
60 mm, 1:2.8 D) and a series of four extension tubes with a
total length of 95.5 mm. Since the free plasma jets originate at
the corners of the PT and propagate through free space with
various azimuthal angles and polar angles, a larger depth of
field (DOF) was required. To compensate the smaller DOF of
the imaging system, the PT was placed at an angle to the
centerline of the camera such that the camera was orthogonal
to the plasma jet as shown in figure 2.

Simultaneously, the discharge current of the plasma jet
was also measured at an auxiliary needle electrode down-
stream from the PT’s corner. The electrode was connected to
a 1000 €2 resistor, and the current was recorded with a second
digital oscilloscope (Tektronix DPO3012) at a sampling rate
of 250 M samples per second. In most conventional capillary
plasma jet configurations or those formed by an electrode
attached to a PT, a flat plate electrode is used to measure the
discharge current [37, 45]. The criterion for auxiliary elec-
trode selection for this work was to form a discharge that was
as visually similar to a discharge without an electrode to
reflect the behavior of a freely propagating jet. During a series
of preliminary experiments, we found that the shape and size
of the auxiliary electrode, unsurprisingly, affected the size and
shape of the free plasma jet and its discharge current. Spe-
cifically, larger area electrodes such as flat plates cause the
plasma jet to spread radially. Additionally, when the electrode
is placed too close to the PT corner (<10 mm), the plasma jet
can be significantly enhanced and even form continuous
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Figure 3. Images taken at the same phase but different cycles of the input voltage. The plasma jet in panel (a) has a higher intensity (brighter)
and stretches a longer distance from the PT. In contrast, the plasma jet in panel (b) is weaker and shorter. Both images were taken at a delay

of 7.0 ps during the period of the input voltage.

sparks. Through trial and error, it was determined that a
needle placed 15 mm downstream from the PT’s corner had a
small effect on the free plasma jet and therefore, was used
here for current measurements.

2.83. Phase-locked optical and electrical measurements

The major contribution of this study is the visualization of the
temporal evolution of the free plasma jet propagating from the
PT surface. To map the time evolution, one period of the
input voltage (~14.8 us) was separated into multiple phases,
each with a time interval of 250 ns, and the ICCD camera was
synchronized to capture the discharge phenomenon for each
phase. In general, there is some stochastic behavior in the
formation of the plasma jet, and the overall light emission for
a single occurrence is variable and low, as illustrated in
figure 3. Therefore, in this work, we present the integrated
emission (light intensity) across 1000 sequential ICCD ima-
ges over 1000 cycles of operation. Although these images do
not capture cycle-to-cycle variation, they do reflect the aver-
age periodic behavior of plasma jet formation. Because of the
low frame rate of the ICCD camera, the PT must be run for
more than 1 min to obtain 1000 images. However, long run-
times can overheat the PT, causing a shift in the resonant
frequency [46, 47]. Instead of operating the PT in a con-
tinuous mode, a burst mode with a period of 100 ms and a
duty cycle of 14.8% (14.8 ms) was utilized. During the burst
period, images were acquired at the 501st input voltage cycle,
and images from 1000 successive burst periods were recor-
ded. Using the 501st cycle assumes that the discharge for-
mation becomes quite stable after 500 cycles within a single
burst period and thus accurately reflects operation in a con-
tinuous mode. The selection of the 501st cycle was achieved
by setting a proper delay time (~7.4 ms) on the pulse gen-
erator (Quantum 9520 Series). The intrinsic delays of the
pulse generator and ICCD camera have been taken into
account while selecting the imaging cycle. The background
was subtracted from the integrated images by using an image
processing software (ImageJ) [48]. The secondary oscillo-
scope (Tektronix DPO3012) was also triggered by the pulse
generator and simultaneously recorded the discharge current
of the 501st input voltage cycle.

3. Results

3.1. PT-driven free plasma jet

Figure 4 shows a time-integrated image of a plasma jet
formed off the left corner of a PT, acquired over 5000 input
voltage cycles (0.5 s exposure time) and taken with a Canon
EOS Rebel T3i camera. Qualitatively the plasma plume
shares many characteristics with conventional plasma jets
formed by gas flows through capillaries [40] in that it pro-
pagates into free space with a well-defined shape, although its
tail is more diffuse than conventional plasma jets. The visible
length of the plasma plume without an auxiliary electrode is
approximately 15-20 mm when observed by the naked eye,
which is similar to the plasma jet length reported in [37].

A plasma jet is generally defined as plasma streamers (or
ionization waves) guided by a flowing gas channel into a
surrounding different ambient gas (e.g. Ar into N, or He into
air) [2, 49]. The different gases are important because the
guiding gas is easier to ionize and thus confines the plasma
streamers to the guiding gas jet plume [50]. In contrast, here
the plasma streamers are forming off the surface of the PT
into free (unbounded) space; there is no low-ionization-
energy guiding flow. In fact, a more precise name, and per-
haps better analog, would be a corona streamer [51]. How-
ever, as opposed to corona streamers that typically branch and
propagate stochastically, we found that the PT plasma strea-
mers occurred in a repeatable and reproducible manner over
thousands of pulsed cycles and shared common electrical
features with conventional plasma jets, as will be shown in
the following sections. Due to these common features and the
free propagating nature, the discharge analyzed in this work is
referred to as a free plasma jet.

3.2. Time-resolved measurements

Figure 5(a) shows the normalized input voltage throughout
one period. The period begins at a delay time of 0 us and is
defined as the time during the input voltage when the voltage
is 0 V. The black regions plotted on top of the input voltage
curve each have a duration of 250 ns and reflect periods where
the plasma jet was interrogated using phase-locked imaging
and current measurements.
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Figure 4. Time-integrated image over 5000 input voltage cycles
(0.5 s camera exposure time) of a plasma jet formed from the corner
of a PT crystal. The boundary of the crystal is outlined with the
white dashed line. The PT was actuated by a sinusoidal input voltage
of 25 V s in its second harmonic mode at a frequency of 67.6 kHz.

The plasma jet current was measured at the auxiliary
electrode [52], and figures 5(b) and (c) show two measure-
ments of discharge current produced while operating the PT.
The displacement current of the PT itself has been subtracted
by fitting the raw current data with an asymmetric least-square
smoothing algorithm [53]. Generally, as illustrated in
figure 5(b), a distinct, single strike was observed during the
positive half-cycle of the input voltage. However, double
strikes were also measured as shown in figure 5(c). Similar
behavior was also observed for the negative half-cycle, but
the current magnitudes of the spikes were about an order of
magnitude smaller than for the positive half-cycle.

The phenomenon of the secondary strike is analogous to
a backward ionization wave that has been observed in con-
ventional plasma jets and is often called a restrike. However,
in this work, the average time lag between the first and the
second strikes is 597 + 292 ns, which is much longer than the
typical time lag for a restrike, which is on the order of 10 ns
[54]. Generally, the propagation of a restrike relies on the
residual charges in the ionization channel [52], which have a
very short lifetime (~100ns) for discharges operating at
atmospheric pressure [55]. The time delay between two
strikes measured here is much longer than the lifetime of
residual charges, suggesting that there is likely little to no
remaining charge in the ionization channel to initiate a
restrike. We believe that the secondary strike is a second
streamer that is independent of the first one, and the double
strike phenomenon is similar to the multiple micro discharges
formed in a DBD or a corona discharge [39]. However, the
fact that only single or double strikes are ever observed (as
opposed to triple or quadruple) and that they occur at con-
sistent phases in the period reflects how this PT-driven free
plasma jet is distinct from typical stochastic DBD or corona
discharge behavior.

Figure 6 shows integrated images (over 1000 cycles)
taken at different phases within one input voltage period; the
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Figure 5. (a) Normalized input voltage throughout an actuation
cycle. The black regions are 250 ns phases where phase-locked
ICCD imaging and current measurements were acquired. Repre-
sentative measured current as a function of the delay time for a case
where there is (b) a single strike and (c) double strikes. The PT was
actuated by a sinusoidal input voltage of 25 V ,, in its second
harmonic mode at a frequency of 67.6 kHz.

boundary of the PT is outlined by the white dashed lines. The
camera exposure during each phase (250 ns) is too long to
track the motion of the extremely fast streamer header
(~10*-10°ms™") [5, 56], but is sufficiently fast to show the
discharge evolution as a function of time. Interestingly, at the
beginning of the input voltage cycle, when the delay time is
O us and the input voltage is 0V, a faint plasma from
the preceding cycle is still visible. This can be attributed to
the phase difference between the PT’s input and output. The
electromechanical coupling in the PT results in a time lag
between the input voltage and the induced polarization at the
distal end, causing the output voltage to be phase shifted.
Ideally, the output voltage would be measured directly, but
utilizing a contact voltage probe would necessarily interfere
with plasma generation. Teranishi et al developed contactless
methods to take output voltage data for PT systems with
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Figure 6. Time-integrated images taken at different phases of an input voltage period. The white dashed line represents the outline of the PT.
The delay time with respect to O us is identified at the bottom right of each image. The PT was actuated by a sinusoidal input voltage of 25

Vims in its second harmonic mode at a frequency of 67.6 kHz.

resistance loads [57, 58]. However, those methods are not
suitable for the PT running as a plasma source because the
output behaves distinctly for different loads that it is driving
[47]. Here, if we assume the phase shift of the output voltage
is approximately 7/2 as reported in [37] and approximate the
voltage gain of the PT to be 107, the output voltage at 0 us in
the input voltage cycle thus corresponds to negative output
voltage on the order of —10° V, which would be enough to
breakdown the air. After 1 ps delay, the plasma emission
begins to fade, and finally no light is observed at 3 us as the
plasma jet initiated in the previous cycle terminates. The
ignition of a new plasma jet and initial observation of emis-
sion light appears at 5 ps and starts to become stronger as the
cycle progresses. The most intense light emission among the
images shown in figure 6 appears at 7 us, at which a jet plume
is formed off the left corner of the PT. From 7 us to 9 us, the
emission light begins to fade again and the jet becomes
noticeably shorter. No emission light is observed after 11 us

until 13 us, when a plasma jet ignited by the negative voltage
cycle initiates. This negative cycle plasma jet continues
through the end of the cycle and into the next period,
corresponding to the initial image at 0 us as discussed above.

Figure 7 quantitatively shows the evolution of the nor-
malized plasma emission intensity as a function of the time
delay throughout a single cycle along with the normalized
input voltage. In this case, the emission intensity is defined as
the sum of the image intensity for all pixels within the plasma
jet plume off the left corner of the crystal. The intensity is
then normalized by the maximum intensity in the cycle,
which occurs at a time delay of 6.5 us. The trend shown in
this figure is in good agreement with the observations shown
in figure 6. During the portion of the half-cycle where the
input voltage is falling (5-10 us), the output surface potential
is increasing due to the time lag between input and polar-
ization, as discussed earlier; the PT works as an anode and
produces cathode-directed streamers (positive streamers).
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Figure 7. Plasma emission intensity changes as a function of the
delay time, where the black dashed line illustrates the trend.
Intensities were normalized by the strongest emission during the
cycle, which occurred at 6.5 ps. Normalized input voltage (solid blue
line) is included as a reference. The PT was actuated by a sinusoidal
input voltage of 25 V ;¢ in its second harmonic mode at a frequency
of 67.6 kHz.

Anode-directed negative streamers appear shortly after 12 us
and continue into the following cycle due to the phase lag.
Clearly, emission light intensities for negative streamers are
much lower than positive streamers. Additionally, no plasma
emission was observed between the half-cycles, for example
at the delay times of 3 and 11 us, respectively.

Measurements of discharge current show a discrepancy
in magnitude between the positive and negative half-cycles,
as shown in figures 5(b) and (c). Large positive currents
appear when the PT is producing positive streamers, whereas
the negative currents are one order of magnitude smaller than
their positive counterparts. This is consistent with the emis-
sion intensities shown in figure 7 as well as the shorter extent
of the plasma jets shown in figure 6. Notably, similar phe-
nomena have been also reported in [37, 45, 59, 60] for con-
ventional plasma jets. Previous studies have shown that
higher voltages are required to initialize a negative streamer
than a positive streamer [61, 62]. This is because the header of
a negative streamer consists of electrons that are more dif-
fusive than the ions in a positive streamer header such that
greater external energy (applied voltage) is required to sustain
directed charge transport. In the case of these PT measure-
ments, it is likely that the output surface voltage produced by
our PT was not high enough to produce strong negative
streamers.

3.3. Statistical characterization

Statistical analysis of over 1000 positive discharge currents
was conducted and compared to the emission response of the
plasma jets. The majority of plasma jets are formed as single
strikes (74.9%) while the remaining were double strikes

(25.1%). Interestingly, positive current strikes (or the first
strike if there are two) appear at a mean delay time of
5.65 £ 0.36 us (at one standard deviation) with a mean
magnitude of 2.03 mA that varies as much as 63.4%. This
relatively large variation in the phase response of the positive
strike indicates that the free plasma jets were running in what
has been termed a ‘chaotic mode’ [45], although the plots in
figures 5(b) and (c) appear more like a bullet mode. The
average duration of positive current spikes, defined by the
width of the current spike, is 0.42 £ 0.06 ps which is on
the same order of magnitude as the lifetime of a conventional
plasma jet driven by a PT [37].

Figure 8(a) shows a stacked histogram plot of the phase
response of these positive strikes along with the phase
response of the plasma emission from figure 7. We observe
that the majority of positive strikes are distributed between
delay times of 4.5-7.5 us, and take Gaussian distributions,
consistent with stochastic (chaotic) formation. In contrast,
strong plasma emission appears between delay times of
6.5-8.0 us. In addition, no positive strike current has been
measured beyond 8 us, whereas measurable plasma emission
occurs well after that, as shown in figure 8(b) where the light
was measured at a delay of 9.5 us. This shift in phase indi-
cates that the free plasma jet produces a strong afterglow,
which appears to be the source of the light emission captured
after 8 pus. One common method for proving the presence of
afterglow is to conduct time-resolved spectroscopy of meta-
stable species; this could be an interesting direction for our
future work on these PT-driven free plasma jets.

While the appearance of the afterglow was readily
apparent for the positive half-cycle, it was difficult to extract
negative current spikes from raw current measurements due to
their relatively smaller magnitudes compared to the dis-
placement current and signal noise (see figures 5(b) and (c)).
As such, we could not create a meaningful distribution of
negative current spikes that could be compared with the
plasma emission intensity to reveal whether there is also a
time lag and possible afterglow during the negative half-
cycle.

4. Conclusions

Piezoelectric crystals have the potential to be the foundation
for energy conversion plasma sources that convert mechanical
energy directly into atmospheric-pressure plasmas. In this
work, a PT has been utilized as a model system to study the
formation of free plasma jets directly off the surface of the
piezoelectric crystal, and PTs themselves are attractive can-
didates for plasma sources as they are compact and light-
weight, operate with high efficiency, and are capable of
generating large voltage gains. In this study, we formed a gas
discharge off the surface of a commercial PZT PT. The dis-
charge shares many qualities with conventional plasma jets
but is not constrained by a low-ionization energy guiding
flow, such that it is referred to as a free plasma jet. Time-
resolved and simultaneous imaging and current measurements
show that the plasma jet formation is a discrete process, where
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Figure 8. (a) Stacked histogram plot shows the distribution of time delays of measured positive current spikes for single and double strikes,
respectively. The plasma emission intensity (red symbols with red dashed line) shows that there is a phase lag between the current spike and
light emission, indicative of an afterglow. Black lines are the Gaussian fits of current spikes for single strikes and the first strike of double
strikes (taller), and for the second strike of double strikes (shorter). Panel (b) shows an integrated image taken at the delay time of 9.5 us at
which no discharge current has been measured, but a small bright region can be found around the corners of the PT, which indicates that light

emission had been produced during camera exposure.

long, high-intensity plasma jets only appear during the falling
portion of the positive half-cycle of the input, and weaker,
shorter plasma jets form in the rising portion of the negative
half-cycle. Statistical analysis of the current and light emis-
sion for the positive current strikes indicates that the plasma
jet operates in a chaotic mode and produces an afterglow.
Further time-resolved studies on the formation of the plasma
jet, including the surface electric field on the piezoelectric,
and its relevant plasma properties will help develop a com-
prehensive understanding of PTs and PT-driven plasma jets,
laying the foundation for their use in applications outside the
laboratory.
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