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Abstract

Cold atmospheric pressure helium plasma jets are increasingly used in many processing
applications, due to a distinct combination of their inherent plasma stability with
excellent reaction chemistry often enhanced downstream. Despite their widespread
usage, it remains largely unknown whether cold atmospheric plasma jets maintain
similar characteristics from breakdown to arcing or whether they possess different
operating modes. In addition to their known ability to produce a fast moving train of
discrete luminous clusters along the jet length, commonly known as plasma bullets, this
paper reports evidence of two additional modes of operation, hamely a chaotic mode
and a continuous mode in an atmospheric helium plasma jet. Through detailed
electrical and optical characterisation, it is shown that immediately following breakdown
the plasma jet operates in a deterministic chaotic mode. With increasing input power,
the discharge becomes periodic and the jet plasma is found to produce at least one
strong plasma bullet every cycle of the applied voltage. Further increase in input power
eventually leads to the continuous mode in which excited species are seen to remain
within the inter-electrode space throughout the entire cycle of the applied voltage.
Transition from the chaotic, through the bullet, to the continuous modes is abrupt and
distinct, with each mode having a unique set of operating characteristics. For the bullet
mode, direct evidence is presented to demonstrate that the evolution of the plasma jet
involves a repeated sequence of generation, collapse and regeneration of the plasma
head occurring at locations progressively towards the instantaneous cathode. These
offer previously unavailable insight into plasma jet formation mechanisms and the
potential of matching plasma jet modes to specific needs of a given processing

application.
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1. Introduction:

Cold atmospheric pressure plasma jets have recently commanded much interest [1]-[4]. They
offer a chamberless delivery of downstream reaction chemistry, ideal for polymeric surface
modification [5][6], bacterial and biomolecule inactivation [7][8], wound healing [9][10], and
nano-structure fabrication [11][12]. A distinct characteristic of a jet configuration is its ability to
generate stable discharge in a region of inert gas and then to transport the plasma to a
separate region of reactive gas for processing applications, thus providing chemical reactivity
without compromising plasma stability [13]. This spatial separation of the plasma generation
and surface processing regions enables a considerable flexibility in jet designs to vary and
control both plasma dynamics and reaction chemistry. Atmospheric plasma jets can be
generated in many different gases and using different electrical excitations. These include DC
jets employing air and nitrogen [14][15], kHz frequency pulsed and sinusoidal jets [16]-[19],
radio frequency (RF) [9][20]-[24] and microwave excited jets [25]-[30]. Depending on jet
configuration and electrical excitation, plasma characteristics may differ significantly. Typically
DC and microwave jets produce hot dense plasmas and are ideal for treating heat resistive
materials. For heat sensitive materials, their gas temperature needs to be reduced drastically.
This can be achieved by placing the sample far away from the jet nozzle, employing fast gas
flow, generating small plasma volumes and/or using different excitation frequencies. RF plasma
sources have lower gas temperature and good plasma stability benefited partly from electron
trapping and efficient electron heating at the sheath edges [31][32]. However for treating
heat-sensitive materials, it is still desirable to reduce their gas temperature particularly at high
RF power. This may be addressed by using pulse-modulated RF excitation [33][34]. At lower
frequencies below 100kHz, sub-microsecond pulsed excitation is found to effectively reduce gas
temperature [13][19][35]-[38]. In principle, it is possible to use nanosecond pulses and
produce room-temperature atmospheric air plasma even at the core of the discharge [37]. The
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features of electrical excitation, chemical composition and flow rates of the carrier gas, and
indeed electrode configurations.

Although the presence of different operating modes (filamentary, Townsend, glow, etc)
have been identified in atmospheric pressure dielectric barrier discharges sustained between
two parallel electrodes [39][40], it remains at present largely unknown whether the
atmospheric plasma jet evolves without any fundamental change in characters from breakdown
to arcing. In the context of operation characteristics of atmospheric plasma jets, a major topic
of current interest has been plasma bullets, a fast moving train of highly luminous but discrete
clusters along the plasma jet when imaged on a nanosecond scale [17]. Several theories of
bullet formation have been proposed [19][41]-[44], however to date a definite explanation of
the physical mechanisms driving the plasma bullet phenomenon remains elusive. This line of
current research would benefit from a more detailed characterization of plasma bullet behavior
and indeed from exploring whether the regime of plasma bullets may border with other
discharge regimes. The latter issue is directly related to the need for establishing how a given
plasma jet may change in its dynamic behaviors from ignition to arcing.

This work is concerned with identification and characterization of operating modes in
linear-field [45] atmospheric-pressure kHz helium plasma jets. Based on electrical, optical and
imaging characterization, this study will demonstrate the presence of two other modes in
addition to the plasma bullet mode, namely a chaotic mode and a continuous mode. The
chaotic mode is observed after gas breakdown. With increasing input power, the discharge
enters the bullet mode and at high enough input power, the continuous mode is observed.
Transition from the chaotic mode, through the bullet, to the continuous mode is abrupt and
distinct, with each mode having a unique set of operating characteristics. The aim of this work
is to provide a detailed characterisation of the three modes and investigate the underlying
physical mechanisms responsible for each mode. From an application perspective, a better
understanding of each mode enables a valuable potential of tailoring plasma characteristics to

match application requirements.



2. Experimental Apparatus and Methods:

The plasma jet considered in this study is similar to those used in several previous studies
[42][45]. Shown in figure 1, the device consists of a quartz tube measuring 5cm in length with
a 2mm inner diameter and 3mm outer diameter. A 1cm wide metallic electrode is wrapped
tightly around the quartz tube at a distance of 1cm from the tube nozzle. A second grounded
metallic electrode is placed 1.5cm downstream from the nozzle, this can either be dielectrically
coated or bare metallic. For this study, the downstream electrode was left bare. An MKS mass
flow controller was employed to provide a constant helium flow (99.996% purity) of 5 standard
liters per minute (SLM) through the tube for all cases reported here. Gas flow rate and
background gas composition were found to affect the parametric ranges of the three modes.
These will be reported in a future publication. A home-built power source, capable of producing
a variable amplitude high voltage sinusoid at a fixed frequency of 18 kHz was connected to the
wrapped electrode. The electric field set up between the wrapped ring electrode and the
downstream ground electrode was largely in the axial direction, parallel to the direction of the
carrier gas flow through the quartz tube, i.e. the plasma jet was a linear-field device [45].

For electrical measurements, a Tektronix P6015A 75MHz high voltage probe was connected
to the wrapped electrode and a Pearson 2877 1V/1A 200MHz current monitor was inserted
between the ground electrode and the grounding point. A Tektronix DPO4104 oscilloscope was
employed to record current and voltage signals, with its 1 GHz bandwidth and 10 mega-sample
record length making it an ideal choice for recording many cycles of the applied voltage. For
the chaotic mode, this enabled confirmation of its non-periodic nature over many cycles. For
optical diagnostics, an optical fiber was positioned at 1 mm below the tube nozzle and fixed
radially 5mm from the axis of the plasma plume. Emission spectra were obtained using an
Andor Shamrock SR-303i spectrometer with a focal length of 303mm. Detailed spectra were
acquired using a 2400 lines/mm grating providing a 0.01nm spectral resolution, overview

spectra were obtained using a 600 lines/mm grating providing a 0.13nm spectral resolution.



Absolute emission intensity calibration was performed with an Ocean Optics LS-1-CAL NIST

traceable white light source, providing absolute intensity values from 350-1000nm.

3. Electrical and Imaging Characteristics:

Figure 2 details current and voltage data for each of the three modes of operation, for which
the plasma appearance is diffuse, stable and largely homogenous. The chaotic mode is
observed immediately after breakdown, and an increase in the input power eventually leads to
the bullet mode and then to the continuous mode. Evidence for the chaotic mode will be
detailed below. The role of seed electrons and surface charges, and the dynamic balance
between the applied and memory voltages (voltage across the dielectrics) required to reignite
the discharge in each excitation cycle is well described in the literature of dielectric barrier
discharges [39][46].

A common feature of all three modes is that their current waveform has one distinct peak
every positive half-cycle of the applied voltage. For the chaotic mode, the negative half-cycles
often have a current peak but this is not always the case, for example the 1% and 4™ negative
half-cycles in figure 2a. Even for cycles with distinct current peaks in both the positive and
negative half-cycles, the magnitude of the current peaks and their occurrence instants vary
significantly from one cycle to another. Sometimes two or more small spikes appear on top of
one current peak and these usually happen in the positive half-cycles, for example in the 4™
and 5" positive half-cycle in figure 2a. The maximum variation in magnitude between any two
consecutive current peaks is about 30%. The appearance of the positive current peaks occurs
at a mean value of 11.7us after the previous zero-cross point of the voltage waveform (from
negative to positive), with a standard deviation of 3.3us. At 18kHz, one half period is 27.8us
and so the occurrence time of positive current peaks varies about 12% around its mean value.
In this chaotic mode, small variations in the number of seed electrons in the discharge gap and

surface charges on the dielectric tube between subsequent cycles result in the ignition of



plasmas with very different characteristics, i.e. the device displays deterministic chaotic
behavior [47]. Although chaotic behavior has been observed in other plasma systems, this is
the first report on the chaotic behavior of atmospheric pressure plasma jets.

As the applied voltage is increased sufficiently, plasma dynamics become periodic as
shown in the current waveforms in figure 2b and 2c. For both the bullet mode and the
continuous mode, there is one strong current peak every half-cycle, typical of dielectric barrier
discharges [39][46][48]. These strong current peaks are due to the rapid increase in gas
conductivity at plasma ignition followed by an accumulation of surface charge acting to reduce
the gas voltage and extinguish the discharge [39][46][48]. In figure 2b, the current pulses in
either positive or negative half-cycles appear consistently at 10+0.01us after the preceding
voltage zero crossing point. Their magnitude changes by less than 0.5%, much smaller than
that in the chaotic mode, suggesting an inherent regulation of plasma dynamics from one cycle
to the next [46]. In the case of figure 2c with a larger applied voltage, the current peaks
become greater in magnitude and broader in duration. In fact, the duration of the current
peaks in figure 2c is comparable to the half-period of the applied voltage, suggesting a
continuation of gas discharge from one half-cycle to the next. Current waveforms in figure 2
are very different from one mode to another.

With the evidence of three different modes from figure 2, it is important to characterize the
mode transitions. Mode transition is usually captured in the current-voltage characteristics, for
example in radio-frequency atmospheric glow discharges [49][50]. However in the chaotic
mode, the discharge current varies in its magnitude from one cycle to the other and its
temporal characters are different from that of the applied voltage. Therefore it is inappropriate
to relate the current magnitude to the voltage magnitude for the chaotic mode. An alternative
is to employ the average dissipated power, which evens out the variation in the discharge
current and represents a quantifiable measure of the extent of the discharge. This is shown in
figure 3 as a function of the applied voltage. Breakdown is seen to occur at an applied voltage

of Vms = 1.34 kV, after which the plasma appeared weak to the naked eye and the dissipated
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power was very low. As the applied voltage was increased, the number of cycles where a
current pulse was present increased rapidly (data not shown). The increase in the number of
gas discharge events and in their intensity is reflected in an almost exponential increase in the
dissipated power up to Vs = 1.73 kV after which the current waveform resembles that shown
in figure 2b. Further increases in the applied voltage result in a broadening of the current pulse
combined with a moderate increase in magnitude. Finally, at Vs = 2.50 kV each current pulse
becomes so wide in duration that it merges with the next, indicating a continuous discharge. As
the applied voltage is increased further, the discharge current undergoes a rapid growth and
this increases power dissipation within the discharge. Figure 3 highlights that the three modes
are clearly discernable from measurements of dissipated power; the gradient of each line gives
an indication of the electrical characteristics of the discharge. In the bullet mode, a 1kV
increase in the applied voltage results in less than a 1W increase in dissipated power; however,
in the continuous mode a 1kV increase in the applied voltage yields a 3W increase in dissipated
power, indicating a jump in electrical conductivity. In general, mode transition is abrupt and
distinct.

To further characterize the three modes, typical power spectral densities (spectra) of

the three modes are shown in figure 4. Each spectrum in figure 4 is obtained as follows: (i) a

squared amplitude ‘F( f)z‘ of the Fourier Transform of the current registered during 20

excitation cycles is calculated, where f is the frequency; (ii) ‘F( f )2‘ is then averaged over 15

different realizations of the current; and (iii) the averaged function ‘F( f )2‘ is normalized by the

duration T of a single realization, where T=20/18kHz. The ideal spectra of periodic processes
consist of peaks of zero width (delta-peaks) at multiples of the basic frequency, which in our
case is the excitation frequency of 18kHz. Due to the finite observation time, the spectra of
the bullet and continuous modes in figure 4 contain peaks of finite width imposed on a
continuous background. As the observation time increases, these peaks get sharper and the

background lower. On the other hand, the spectra of deterministically chaotic and of random



processes are continuous functions of frequency [47]. They might contain sharp peaks, but
these would be imposed on a continuous, usually smooth, background, which will not
disappear if the observation time grows. The spectrum of the chaotic mode shown in figure 4
has these features and is therefore an evidence of the non-periodic nature of the current
oscillations in the chaotic mode.

Power spectral density alone, however, is not sufficient to establish the existence of
deterministic chaos. An additional evidence would be a phase portrait [47]. In particular,
periodic oscillations are represented in the phase space by limit cycles (i.e. closed loops), while
chaotic oscillations are represented by chaotic attractors, which are generally a set of points
with complex structure and non-integer dimension. In addition to the phase portrait, the
Poincaré section helps to reveal the detailed structure of an attractor: a section of a limit cycle
is one or several points, while the section of a chaotic attractor is typically a set with self-
similar structure. If the chaotic attractor is relatively simple, its section looks like a horseshoe.
From the mathematical viewpoint, the system under study is a spatially extended system in
which currents and voltages depend not only on time but also on space. The full collection of
such space-time dependent functions will form the phase space of the system, and the
dimension of the system will be infinitely large. It has been shown, however, that many
infinite-dimensional dynamical systems can have attractors of finite dimension [51]-[54].

For the present study, we have access to only a single observable, namely, the current at
the driving electrode I(t), and investigation based on the full set of state variables of the jet is
beyond the scope of this work. Therefore, in order to introduce a phase-space representation
of the jet, the technique of embedding is used. This technique is based on a number of
mathematical results valid for dynamical systems with attractors [55]-[59]. In particular, we
use the possibly simplest delay embedding, within which the state vector at time ¢in the m-
dimensional phase space is reconstructed as a vector whose coordinates are the values of the
single observable taken at time moments separated by a certain delay z, namely, (I(t), I(t+7),
I(t+27), ..., I(tH(m-1)7)). The number m is the embedding dimension and depends on the
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dimension of the attractor in the original dynamical system [58]. For visualization purposes,
here we choose m=3. The time delay t can be chosen by a variety of methods, but one of the
most popular approaches is to calculate the mutual information from the variables I(t) and
I(t+7) as a function of 7, and to choose its first minimum [60]. The value of z obtained by this
method was close to 4us for all datasets and was chosen for the phase space reconstruction.

Figures 5a, 5¢, and 5e show three-dimensional phase space reconstructions for the plasma
jet operating in the chaotic, bullet and continuous modes, respectively. For each mode, the
phase trajectory is shown during several hundred excitation cycles. Whereas figures 5c and 5e
show limit cycles (i.e. periodic attractors), figure 5a shows a set that does not look similar to a
limit cycle, nor to a low-dimensional torus representing a quasiperiodic (i.e. non-chaotic)
behavior. We therefore suggest that this is a projection of a chaotic attractor into a three-
dimensional space. However, to obtain a further evidence of that we need a Poincaré section.
For systems perturbed periodically it is convenient to introduce a stroboscopic section, which
consists of the points of the (possibly reconstructed) phase trajectory taken in a period of
external forcing. The stroboscopic and the Poincaré sections are topologically equivalent.
Figures 5b, 5d, and 5e show the stroboscopic sections for the three modes. These are obtained
by collecting the points in the phase space at times &, &L+we &L+ 27%:e ..., Where e is the
excitation period. Figures 5d and 5e show sets consisting of a single point, being a further
evidence of periodicity of the respective oscillations. Figure 5b, however, shows a complex-
looking set of points shaped like a horseshoe and this is an additional argument for the
existence of a chaotic attractor in the system.

In addition to different electrical properties, the three modes have very different visual
appearance. Using an Andor iStar iCCD imaging system that is synchronized to the applied
voltage waveform, it is possible to take nanosecond exposure images of the plasma plume
throughout each cycle of the applied voltage. Plasma imaging in the chaotic mode was found

unrealistic because its temporal variation does not support image accumulation and single-shot



images were too faint (data not shown). The space-integrated optical signatures of the two
periodic modes (obtained via the detection optical fiber) are shown in figure 6, which plots the
wavelength-integrated optical emission signal (350 — 800 nm) and the discharge current as a
function of time. In the bullet mode, the light emission appears as a sharp burst during each
half-cycle of the applied voltage and the peak intensity is observed slightly after the peak of
the current pulse. Temporal pattern of the light emission appears strongly modulated at the
excitation frequency, and agrees with the presence of a plasma bullet passing the detection
optical fiber. It is evident in figure 6 that the emission patterns from positive and negative half
cycles are different. In the positive half cycles, the optical emission appears as a highly intense
yet narrow burst whereas the emission in the negative half-cycles is less intense but broader in
duration. Therefore the temporal pattern of light emission in the bullet mode is more closely
related to the discharge current than the applied voltage that has the same amplitude in the
positive and negative half cycles. In the continuous mode on the other hand, the emission
within the discharge space never drops to zero, suggesting the continuous nature in this mode
of operation. This is in stark contrast to that observed in the bullet mode. Emission is low at
the voltage zero crossing points and high when the voltage reaches a maximum. The light
emission is modulated at the excitation frequency, however the variation of its emission
amplitude from one cycle to the next does not appear to follow closely that of the discharge
current nor the applied voltage in figure 2c. These observations suggest that optical emission
signal tracks electrical signals (i.e. either voltage or current) differently in the bullet mode and
the continuous mode.

Figure 7 shows a sequence of 10ns exposure images taken throughout the positive and
negative half cycles of the applied voltage whilst the plasma jet was operating in the bullet
mode. Images a to d were taken during the negative half cycle, consequently the downstream
ground electrode (on the right hand side of the right graph in figure 7) can be considered as
the instantaneous anode and the powered electrode wrapped around the dielectric tube as the

instantaneous cathode (on the left hand side). As the current pulse increases in magnitude a
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faint bullet-like object can be observed leaving the grounded anode and traveling toward the
cathode inside the quartz tube, such observations have not been reported previously for
atmospheric plasma jets. Images e to / were taken over a positive half cycle, in this case the
powered electrode was the instantaneous anode and the grounded electrode the instantaneous
cathode. Several previous studies demonstrated similar images, in this situation the plasma
bullet appears to be ejected from the quartz tube and travels at high velocity (up to 10° m/s)
towards the ground electrode (i.e. the instantaneous cathode) [17][19][41][42]. As all the
images are normalized, it is possible to determine from figure 6b that the intensity of the
plasma bullet during the negative half cycle is considerably less than that in the positive half
cycle. This agrees well with the data presented in figure 6. Also worth noting is the slight
difference in structure, the bullet no longer appears to have an intense centre but appears as
an elongated region of moderate intensity plasma.

It should be mentioned that plasma bullets tend to form in the positive half-cycle and in
the case of figure 7 the discharge in the negative half cycle does not have the appearance of a
plasma bullet. However sometimes bullet-like behaviors were also observed in the negative
half-cycles (data now shown). In general, there is at least one bullet every cycle of the applied
voltage in the bullet mode. Also it should be mentioned that plasma bullets are cathode-
directed and in this regard they are very similar to streamers. However plasma bullets appear
in a well defined column without branching and their characteristics are similar to that of glow
discharges. Therefore there may be some differences, yet to be fully understood, between
plasma bullets and streamers.

One possible theory attributed to the plasma bullet phenomenon was the photon-ionization
theory of Dawson [19][61]. Dawson’s original work [61], concerning the generation of
cathode-directed streamers in atmospheric pressure air, demonstrated that the streamer tip
was able to propagate in regions of low electric field at very high velocity due to a photo-
ionization effect. It was postulated that the streamer tip consists of numerous positive ions,

photons emitted from the streamer tip create photoelectrons at a small distance in front of the
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tip. The high electric field between the photoelectron and positive streamer tip results in a
rapid acceleration of the electron thus producing an avalanche. Provided that the avalanche
produces a sufficient number of electrons, the streamer tip is neutralized completely resulting
in the creation of a new positive region a small distance ahead of the original streamer tip and
a quasi neutral tail. This propagation mechanism is graphically illustrated in figure 8, and can
be used to explain plasma bullet propagation of several centimeters with velocities up to 10°
m/s [41]-[43]. Of importance here is that Dawson’s theory assumes complete neutralization of
positive ions by electrons produced by photon ionization. By means of a repeated process of
photon-ionization and neutralization, the plasma head collapses and then regenerates itself at a
short distance in front of its original location. This repetition of generation, collapse and
regeneration occurs very quickly, and so on a timescale too long to resolve the process (often
longer than 10 ns) the plasma would appear as an illuminant and spatially confined object
moving continuously to the cathode. Similarly, the plasma tail follows the plasma head closely
behind since charges in the wake of the plasma head are completely neutralized [61].
Therefore complete neutralization is critical in supporting a dynamic optical pattern in which
the plasma head moves with a tracking plasma tail. Dawson'’s original work was conducted in
the absence of a dielectric barrier, this is in contrast to many of the recent studies of
atmospheric plasma jets. It is likely that the presence of dielectric surfaces, which are capable
of trapping electrical charges, may assist the accumulation of positive charge in the
streamer/bullet tip.

While Dawson’s theorem is highly plausible for explanation of plasma bullets in low-
temperature atmospheric discharge jets [19][41]-[44], no direct evidence has so far been
reported of the sequentially occurring pattern of generation, collapse and regeneration of the
plasma head in APGD jets. The streamer propagation mechanism postulated by Dawson’s
theory therefore remains speculative for APGD jets. To this end, we took single-shot images of
the plasma plume in the bullet mode with a nominal exposure time of 2 ns and results are

shown in figure 9. An alternating pattern of bright and pale plasma head images is evident,
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indicating a periodic burst of photon emission repeated on a time scale of approximately 2 ns
or below. Through photon ionization, this periodic burst of photon emission is likely to result in
a periodic generation of electrons in front of the plasma head thus creating an impression of a
continuously moving plasma head on a timescale of 10 ns or longer as suggested in figure 7.
Yet figure 9 suggests that the evolution of the plasma head is not continuous but involves a
repetition of generation, collapse, and re-generation at locations progressively extending
towards the instantaneous cathode. This evidence has not been reported before and offers a
direct evidence of plasma bullet dynamics as postulated in Dawson’s theory. It should be
remarked here that the iCCD manufacturer’s recommended minimum exposure time is 5 ns. A
lower minimum of 2 ns can be set manually for the iCCD camera, although the precision of the
2 ns exposure time is not guaranteed. To avoid any artifacts in the 2 ns images of figure 9, we
repeated the imaging process at different instants of exposure and under different plasma
conditions in the bullet mode. The bright and pale pattern of figure 9 was always reproducible
and should be valid. It should be mentioned however that the timescale of 2 ns in figure 9
should not be used for estimates of the timescale of plasma head generation and re-
generation, as the latter should be resolved at a timescale much lower than 2 ns.

To see plasma appearance in the continuous mode, figure 10 shows a sequence of 10ns
exposure images taken with I, = 3.9kV. The gain of the iCCD camera was reduced so that the
jet structure in the continuous mode could be compared to that in the bullet mode of figure 7,
consequently it is not possible to directly compare emission intensities here with those in figure
7. Images a to dwere taken during the negative half cycle and images e to / were taken in the
positive half cycle. Clearly there is no immediately apparent plasma bullet in either case; the
discharge can be seen to reach from one electrode to the other throughout one entire cycle of
the applied voltage. To confirm the continuous nature of the plasma plume, the iCCD exposure
time was reduced to its minimum of 2ns. In this case, the plume still appeared continuous and
this is consistent with the current measurement of figure 2c and with the wavelength-

integrated optical signal of figure 6. It is therefore reasonable to conclude that the plasma jet is
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operating in a continuous mode. The emission intensity of the discharge is time-modulated at
the excitation frequency, however even at the zero crossing points of the current and voltage
waveforms the iCCD camera picks up strong optical emission. As the duration of each current
pulse is almost equal to that of the voltage half cycle, it is likely that the densities of energetic
species in the electrode gap, especially the 2" positive system of nitrogen and helium
metastables, remain very high throughout the entire excitation cycle. It is known that in
nitrogen mixtures with noble gases collisions between N, metastables are able to efficiently
produce electrons by the Penning effect [62] (see more detailed discussion in the next section).
This is supported by the rapid increase in dissipated power in the continuous mode (see figure
3). As the electrons remain in the gap, gas conductivity increases meaning that a slight
increase in the applied voltage can cause a large growth in the discharge current. This
phenomenon continues until arcing. Previous studies of a similar plasma jet excited from 10kHz
to 1MHz showed a similar trend with increasing frequency [42]. As the frequency was
increased, each discharge event became temporally closer resulting in a continuous presence
of excited species in the electrode gap to support continuous electron production [42]. It was
shown at high excitation frequencies the plasma plume becomes a continuous discharge [42],
similar to that reported here.

The absence of plasma bullets in the continuous mode does not necessarily mean that the
photon-ionization mechanism of Dawson’s theory is no longer valid. As considerable helium
metastables and excited nitrogen molecules exist in the electrode gap over the entire duration
of an excitation cycle, electrons are produced efficiently through step-wise ionization,
superelastic ionization, and metastable pooling of helium metastables as well as through
Penning ionizations involving excited nitrogen molecules (see discussion in the next section).
These channels of electron generation become much more effective in the continuous mode
than in the bullet mode, and will significantly affect the spatial distribution of space charges to
an extent that overwhelms the contribution of photon ionization. This is likely because electron

generation by neutral helium and nitrogen species is relatively independent of the spatial
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location in the electrode gap and likely to occur anywhere in the electrode gap. If this is the
case, then they would mask the effects of photon ionization postulated in Dawson’s theory and
mask the presence of a plasma bullet even if it was produced. It is clear that the continuous
mode has a multiplicity of competing channels of electron generation, more complex than the
bullet mode where the role of photoelectrons may be dominant. New experiment designs will
therefore be needed in order to unravel the roles of different electron generation mechanisms
in the continuous mode.

Images in figure 11 suggest that the plasma plume has a distinctive structure in the
continuous mode. During a negative half cycle, the discharge reaches from the instantaneous
anode (the downstream ground electrode) towards the instantaneous cathode (the wrapped
electrode) and it appears to reduce in intensity. In the positive half cycle when the grounded
electrode is the cathode, a very intense discharge is apparent near the surface of the ground
electrode, then a small dark region is observed followed by a less intense region stretching
toward the anode. Figure 11 provides a close-up image of the plasma near the grounded
electrode taken at the current maximum during each half cycle. Figure 11a was taken during
the positive half cycle when the ground electrode was the cathode, the pattern of light and
dark regions resembles that of an elongated dc glow discharge structure, a highly intense
negative glow region is followed by a dark region preceding a large but low intensity bulk
region [63]. Such patterns have been reported previously in studies involving kHz excited
parallel-plate atmospheric discharges [62]. In the negative half-cycle, the ground electrode
becomes the anode and figure 11b shows that the structure differs considerably from that
observed in the positive half cycle. No intense negative glow region or obvious dark space is
observed, the lack of structural features at the anode is again typical of a glow discharge. Both

images suggest that the continuous mode is very much like a typical glow discharge.
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4. Emission Spectra Characteristics:

Optical emission spectroscopy is highly convenient for determining several characteristics of the
plasma in a non-invasive manner [64]. In all cases reported here, the fiber optic probe was
placed 1mm below the exit of the quartz tube where the helium flow from the jet structure was
mixed with the ambient air thus introducing significant nitrogen and oxygen impurities. Spectral
data was intensity-calibrated using a NIST traceable white light source to ensure emission
intensities remain unaffected by the spectral response of the system. Figure 12a and 12b show
typical emission spectra obtained whilst the plasma jet is in the bullet mode and the continuous
mode, respectively, with key emission lines labeled. When the ionized helium gas interacts with
the ambient air, highly energetic helium metastables are able to cause ionization of nitrogen
[65]. It is of no surprise that nitrogen species are dominant in such a gas mixture; the helium
discharge within the quartz tube produces a large flux of long lifetime helium metastables.
However, due to the rapid Penning reaction [65]:
He* + N, > rNy* (B%2,") + (1-NNyY (X2, )+ He + e k=7.6x10™ cm’ s™ (1)
He* + N; > Nyt (B22,") + (1-NNyY (X°2,")+ 2He + e k=7.0x10™ cm?® s (2)

the effective lifetimes of helium metastables become short, resulting in a rapid reduction of
helium metastable density when the helium discharge meets the ambient air. Additionally, the
abundance of excited nitrogen species grows rapidly in the continuous mode resulting in strong
nitrogen emission as indicated in figure 12. Emission intensities of the excited N, at 357 nm
and N,*(BZ, — XZ4) ions at 391 nm are shown as functions of dissipated power in figure 12c,
where the N, emission intensity is seen to increase in an approximately linear fashion with the
dissipated power. The N, emission intensity increases rapidly in the chaotic mode then starts
to level off in the bullet mode before undergoing a gradual decay well into the continuous
mode. From an application stand point, the rapid growth in excited nitrogen species is
beneficial, a very stable but inert helium plasma is produced to which molecules of a reactive

gas are added downstream, thus resulting in a chemically active plasma without the need to
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directly ionize highly reactive and unstable molecular gases. Many applications rely heavily
upon excited oxygen and nitrogen species in the discharge to influence reaction chemistry
[66][67]. For example, in the field of biological decontamination it is known that atomic oxygen
species play an important role in the bacterial and protein inactivation mechanism [67][68];
however, discharges employing reactive gases often prove too hot to be useful, in such a
situation a reactive yet low temperature helium plasma jet is highly desirable.

In order to further our understanding of how the discharge behaves in each mode of
operation, it is useful to consider the time evolution of key chemical species of the helium
plasma jet. Figure 13 provides wavelength filtered nanosecond images of the bullet and the
continuous modes. Using band pass filters centered on 390nm and 710nm (Thorlabs FWHM
10nm), it was possible to track the N,™ emission at 391nm (18.77eV from ground state N,) and
the He emission at 706nm (3s°S state, threshold energy of 22.7eV). Figure 13a shows the
intensity profile for each emission line whilst operating in the bullet mode and the downstream
electrode being the instantaneous cathode. The images were taken shortly after the peak
current and the plasma bullet was just free of the quartz tube. Figure 13a indicates that helium
emission leads N,* emission in the direction towards the downstream electrode (instantaneous
cathode). It is known that the helium 706nm line is indicator of energetic electrons [65], and
therefore figure 13a implies that the front of the plasma bullet is largely made of high energy
electrons with a cloud of positive nitrogen ions located at a short distance behind the electron
region. Nitrogen ions behind the electron cloud, shown in the wavelength-filtered image in
figure 13a, are likely to be produced from Penning ionization of nitrogen from helium
metastables (see eq.(1,2)). It should be noted that other positive ions are also produced in
atmospheric helium plasmas in contact with nitrogen, for example He*, He,", N*, N3* and N,".
Several numerical simulation of low-current regimes of RF atmospheric He-N, discharges
considered He", He,", N*, N, and found that dimmer ions are more numerous [50][69]. In
particular, N,* and He," concentrations were found to be in the order of 10'! cm™ and 10*°cm™

[50], respectively, in the low-current regime of the o mode which could be considered as
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equivalent to the case of atmospheric DBDs in the same He-N, mixture. The important role of
N, was also strongly supported in some numerical studies of atmospheric DBDs [70]-[72],
though they did not consider contributions of N3* and N4*. A more recent study of atmospheric
DBD in He-N, mixture suggested that N* and Ns* ions play a minor role in comparison to N,"
and N4* ions [73]. This is because N* is rapidly converted to N,™ through N*+N+He —N,"+He
and Ns;* degrades much faster than N,;*, both via N [74]. Therefore the dominant ions in
atmospheric He-N, plasmas are likely to be He,", N,* and N4". While there is at present very
little direct measurement of their concentrations, numerical simulation suggests that N, are
the most numerous when N, > 1ppm [72]. Given that the ambient nitrogen influx and the
nitrogen trace amount in the helium carrier gas are certain to amount to more than 1 ppm in
the plasma jet, the dominant ions in the plasma jet are likely to be N,* ions. Though oxygen
ions need to be evaluated also, recent direct measurement of a similar atmospheric plasma jet
offers a strong support for the dominant role of N,"[75]. Therefore the wavelength-filtered
image of N,* at 391 nm of figure 13a captures the role of positive ions in the formation of
plasma bullets. It offers a direct evidence to support Dawson’s theory of photon-ionization (see
figure 8). A final observation of figure 13 is that light emission extends all the way back to the
anode, suggesting the tail of the plasma bullet forms some kind of weak link to the electrode,
at least up to the moment the photograph was taken. This is consistent with figure 7 and with
our previously reported observation [42].

Figure 13b shows wavelength filtered 10 nanosecond images taken in the continuous mode
of operation obtained shortly after the peak positive current pulse. In this situation, the helium
emission still leads the nitrogen emission in the direction of the plasma plume extension
towards the downstream electrode. The intensity profiles indicate a very intense region above
the cathode followed by a rapid reduction in the intensities of He and N,". Notably, the total
emission does not decline as quickly suggesting that other species such as nitrogen molecules
and oxygen atoms may play a significant role. This is in agreement with the emission spectrum

presented in figure 12 which shows a dominance of nitrogen and oxygen species. The
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wavelength filtered images indicate that highly energetic species are confined to a small region
around the cathode, consistent with the assumption that this is a negative glow region where
the electric field is high. As the time averaged spectra in figure 12 show the nitrogen second
positive emission to be significant, it is possible that these species are capable of producing a
significant amount of seed electrons for subsequent discharge events. Indeed, Gherardi and
colleagues investigated the transition between glow and filamentary operating modes in an
atmospheric pressure nitrogen dielectric barrier discharge and determined that the influence of
seed electrons produced by the Penning effect between two nitrogen molecules is crucial in
maintaining a stable glow discharge [62]:

No(@"%)) + Ny(A’Z,Y) > Ny + e k= 5x10"" cm’ s™ (3a)

Ny(@"Z)) + No(A'Z) > N5 + e k= 2x10 em® s (3b)
N4* ion production was found to increase monotonically with N, admixture in helium and hence
electron production via the two Nx(a'Z,") routes is expected to increase also [73]. The increase
in N4* concentration is about a factor of 10 when N, admixture increases from 1ppm to S5ppm

[73]. Other electron generation reactions include [69][76]:

He" + He" > He* + He + e k= 2.7x10° cm’/s (4a)
He,” + N, > N,© + 2He + e k= 7x10! cm’/s (4b)
He,” + He,” > He" +2He + e k=1.5x10"° cm3/s (4c)

For RF atmospheric He-N. discharges, He,” concentration is usually two orders of magnitude
above He* concentration over a wide range of discharge current [50]. Given that the reaction
coefficients in (4) are within one order of magnitude and that concentration of N, admixture is
usually higher than He* and He,  concentration (typically ~ 10*2cm™), Penning ionization of (3b)
is expected to make a major contribution to electron production. This is likely to hold true for
atmospheric He-N, DBDs also. As the discharge current increases from the « mode to the y
mode in RF discharges, He,” concentration can increase by a factor of 10, consequently
reaction 3c may begin to play an important role [50]. The above discussions highlight that as
increasing current evolves the discharge into the continuous mode many electron production

19



channels become significant. Their contributions are likely to become comparable or exceed the
contribution of photon ionization, thus masking the latter in the optical appearance of the
plasma plume. Therefore even if the photon ionization mechanism of Dawson’s theory still
support plasma bullet formation in the continuous mode, the bullet appearance would have
been masked by other electron production processes.

As the plasma evolves from the chaotic mode, through the bullet mode, to the continuous
mode, its electrical and optical properties (see figure 2 — 4, 6), its phase portrait and
stroboscopic sections (figure 5), its structures (see figure 7, 9 — 11), and its formation
mechanisms (see figure 12 - 13) undergo abrupt and distinct changes. Reaction chemistry
driven by these distinct changes is seen however to vary in a more gradual fashion as shown in
figure 12. In principle, more abundant reaction species are produced at large dissipated power
and inevitably the latter raises the gas temperature that could become unacceptable for some
applications. To provide an indication of gas temperature, we consider optical emission
spectrum of nitrogen bands as they are well established to determine rotational and vibrational
temperatures of nitrogen containing discharges [77][78]. The highly collisional nature of
atmospheric pressure plasmas means that it is reasonable to assume that the rotational
temperature of the gas is in equilibrium with its translational temperature; as such the
rotational temperature is a useful indicator of gas temperature [79]. In order to determine
rotational and vibrational temperatures, the experimental spectra of the nitrogen emission
band (C°r, — B®M,) around 380nm were compared to simulation data. All simulation data were
produced using Specair [77]. By defining the input parameters of 7, and 7., and the
spectrometer slit function, it was possible to closely match the experimental results. Figure 14a
shows experimental data obtained at a dissipated power of 3W, the simulation data are
overlaid on the experimental data and indicate a best-fit rotational temperature of 410K and a
vibrational temperature of 3,500K. Figure 14b shows the trend in rotational temperature with
increasing dissipated power. At the point of breakdown, the rotational temperature is found to

be 310K+20K, such temperatures are commonly observed in plasma jets of this type and are
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well suited for low temperature materials processing. As input power is increased from 0.4W to
0.75W, the rotational temperature rises from 310K to 340K. As the discharge is in the chaotic
mode, any increase in power results in an increase in the number of discharge events, hence it
is expected that the gas temperature would increase during this mode. From 0.75W to 1.3W,
the temperature increases slightly from 340K to 350K, suggesting that the gas temperature in
the bullet mode of operation varies little with input power. Finally, as the discharge transitions
from the bullet mode to the continuous mode the gradient of gas temperature is seen to
increase indicating enhanced gas heating. This notable shift in gas temperature between
modes of operation is likely a result of the difference in duration over which the gas discharge
is sustained. In the bullet mode, the discharge current persists for a fraction of the excitation
cycle (see figure 2b) and so the dissipated power, as reflected in the product of the current
density and electric field J-E, is significant only for a short period of time, thus limiting possible
gas heating. In the continuous mode the background gas is ionized throughout the entire
applied voltage cycle meaning the background gas is heated all the time. It is worth pointing
out that temperatures above 350K may become undesirable for treatment of thermally liable

substrates.

5. Concluding Remarks:

Based on a detailed electrical, fast imaging, and spectroscopic characterization of a linear-field
atmospheric plasma jet, this study has provided coherent evidence of the existence of three
operating modes, namely the chaotic mode, the bullet-mode and the continuous mode from
plasma ignition to arcing. With increasing dissipated power after gas breakdown, the plasma
jet has been shown to evolve through the three modes of distinct differences and abrupt mode
transition. The chaotic mode occurs immediately after the gas breakdown point, and its
discharge current has a chaotic temporal character with some of its negative half-cycles free of

any discharge event. This has been shown to be related to a weak gas discharge and its
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inadequate supply of seed electrons, causing an inability to support a dynamic balance
between the applied voltage and the memory voltage that is essential for stable and periodic
plasma in a DBD. With increasing input power to enhance the level of gas discharge, plasma
dynamics become periodic and the plasma jet enters its bullet mode where there is one strong
plasma bullet every positive half cycle. Dawson’s photon-ionization theory has been studied
and supported with time- and wavelength-resolved 2D plasma images that provide evidence of
electrons being produced in front of the plasma bullet tip with the bullet composed of mainly
N," ions. Possible contributions of other positive ions have also been discussed in comparison
with the role of N," ions. The evolution of the plasma bullet has been shown to involve a
repetition of generation, collapse and regeneration of the plasma head at locations
progressively extending towards the instantaneous cathode. A further increase in input power
has been demonstrated to eventually evolve the plasma jet into its continuous mode, in which
both the discharge current and the wavelength-integrated optical emission remain high from
one half-cycle to the next. Electron generation by helium metastables and excited nitrogen
molecules has been found to be significant and possibly independent of the spatial location
between the electrode gap. These may mask the signature of photon ionization and contribute
to plasma bullets not being observed in the continuous mode. Overall, this work provides a
detailed study of characteristics and possible mechanisms of all three modes of operation in an
atmospheric plasma jet. It is expected that similar modes and mode transition are also present
in cross-field plasma jets and indeed other types of plasma jets, with one exception of RF or
other high-frequency devices in which the bullet mode may be absent [42].

This study has brought to light several interesting observations, for example the cathode-
directed plasma moving towards the quartz tube, the structural difference of the plasma root
on the grounded electrode for the two possible voltage polarities, and the different temporal
relations of optical emission to the applied voltage in the two periodic modes. Some of these
observations highlight the need for further fundamental studies, and indeed more direct

measurements are necessary to fully characterize the three modes. Nevertheless, observations
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presented here and their discussions do form a coherent understanding of how plasma
dynamics and reaction chemistry evolve in an atmospheric plasma jet from its gas breakdown
to the formation of plasma bullets and glow discharge and to its arcing. This offers a previously
unavailable insight into plasma jet formation mechanisms and a potential of matching plasma
jet characteristics to specific needs of an intended application. Both are important goals in the

current research of cold atmospheric plasma jets.
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Figure 12:

(a) Schematic showing the structure of the jet electrode unit; and (b) an image of an
atmospheric plasma jet in a 5slm helium flow and at 1W input power.

Current and voltage traces in (a) the chaotic mode, (b) the bullet mode, and (c) the
continuous mode.

Dissipated plasma power against the RMS applied voltage, showing the operation regimes
of all three distinct modes and their abrupt mode transition points.

Average power spectra for the chaotic, bullet and continuous modes. The excitation
frequency and its harmonics are indicated in the plots.

(a,c,e) Phase portraits and (b,d,f) stroboscopic sections for the chaotic, bullet and
continuous modes, respectively.

Wavelength-integrated (350 — 800 nm) emission intensity and the discharge current in (a)
the bullet mode and (b) the continuous mode, each over two cycles of the applied voltage.

Plasma jet in the bullet mode with the current and voltage traces (left graph) and 10ns
exposure images over one complete cycle of the applied voltage (right graph). In (a) of the
right graph, the quartz tube is indicated with two horizontal lines on the left and the
downstream electrode with a vertical line on the right.

Dawson’s photon-ionization theory illustrated, assuming compete neutralization of positive
ions by photoelectrons. Instantaneous cathode is on the right. It starts with (a) a positively
changed plasma head (position #1) emitting photons; (b) new electrons produced by
photon ionization set up a strong electric field; (c) photoelectrons moving to the original
plasma head and leaving behind new positive ions to form the new plasma head (position
#2); (d) ions are completely neutralized; (e) the new plasma head emits photons; (f) this
creates a newer plasma head (position #3) forming a moving plasma head.

Single-shot 2 ns images of a plasma bullet travelling towards the downstream ground
electrode which was the instantaneous cathode.

Plasma jet in the continuous mode with the current and voltage traces (left graph) and 10ns
exposure images over one complete cycle of the applied voltage (right graph). The quartz
tube and the downstream electrode are marked the same way as in figure 7.

10ns exposure images showing close-up view of the plasma jet operating in the continuous
mode during (a) a positive half cycle and (b) a negative half cycle.

Optical emission spectrum from the atmospheric plasma jet in (a) the bullet mode; (b) the
continuous mode; and (c) dissipated power dependence of emission intensities of the
excited nitrogen dimmers (357 nm) and nitrogen dimmer ions (391 nm). The two vertical
dashed lines in (c) indicate the transition points from the chaotic to the bullet modes and
from the bullet to the continuous modes.
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Figure 13:

Figure 14:

Wavelength filtered intensity profiles for (a) the plasma bullet mode; and (b) the
continuous mode. The instantaneous anode is the wrapped electrode and the
instantaneous cathode is the downstream ground electrode, in both cases. In the bullet
mode, the plasma bullet is moving from the anode to the cathode.

(a) Experimental and simulated nitrogen band data used to determine rotational
temperature (T,,) and vibrational temperature (T.i,); (b) dissipated power dependence of
the rotational temperature. All measured at the plasma jet contact point on the ground
electrode. The two vertical lines in (b) indicate the two mode transition points.
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Figure 1: (a) Schematic showing the structure of the jet electrode unit; and (b) an image of an
atmospheric plasma jet in a 5slm helium flow and at 1W input power.
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Figure 2: Current and voltage traces in (a) the chaotic mode, (b) the bullet mode, and (c) the
continuous mode.
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Figure 3: Dissipated plasma power against the RMS applied voltage, showing the operation regimes
of all three distinct modes and their abrupt mode transition points.
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Figure 4: Average power spectra for the chaotic, bullet and continuous modes. The excitation
frequency and its harmonics are indicated in the plots.
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Figure 5: (a,c,e) Phase portraits and (b,d,f) stroboscopic sections for the chaotic, bullet and
continuous modes, respectively.
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Figure 6: Wavelength-integrated (350 — 800 nm) emission intensity and the discharge current in (a)
the bullet mode and (b) the continuous mode, each over two cycles of the applied voltage.
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Plasma jet in the bullet mode with the current and voltage traces (left graph) and 10ns
exposure images over one complete cycle of the applied voltage (right graph). In (a) of the
right graph, the quartz tube is indicated with two horizontal lines on the left and the
downstream electrode with a vertical line on the right.
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Figure 8:
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Dawson’s photon-ionization theory illustrated, assuming compete neutralization of positive
ions by photoelectrons. Instantaneous cathode is on the right. It starts with (a) a positively
changed plasma head (position #1) emitting photons; (b) new electrons produced by
photon ionization set up a strong electric field; (c) photoelectrons moving to the original
plasma head and leaving behind new positive ions to form the new plasma head (position
#2); (d) ions are completely neutralized; (e) the new plasma head emits photons; (f) this
creates a newer plasma head (position #3) forming a moving plasma head.

35



Figure 9:  Single-shot 2 ns images of a plasma bullet travelling towards the downstream ground
electrode which was the instantaneous cathode.
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Figure 10: Plasma jet in the continuous mode with the current and voltage traces (left graph) and 10ns
exposure images over one complete cycle of the applied voltage (right graph). The quartz
tube and the downstream electrode are marked the same way as in figure 7.
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Figure 11: 10ns exposure images showing close-up view of the plasma jet operating in the continuous
mode during (a) a positive half cycle and (b) a negative half cycle.
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Figure 12: Optical emission spectrum from the atmospheric plasma jet in (a) the bullet mode; (b) the
continuous mode; and (c) dissipated power dependence of emission intensities of the
excited nitrogen dimmers (357 nm) and nitrogen dimmer ions (391 nm). The two vertical
dashed lines in (c) indicate the transition points from the chaotic to the bullet modes and
from the bullet to the continuous modes.
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Figure 13: Wavelength filtered intensity profiles for (a) the plasma bullet mode; and (b) the continuous
mode. The instantaneous anode is the wrapped electrode and the instantaneous cathode is
the downstream ground electrode, in both cases. In the bullet mode, the plasma bullet is
moving from the anode to the cathode.
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Figure 14: (a) Experimental and simulated nitrogen band data used to determine rotational
temperature (T,,) and vibrational temperature (T.;,); (b) dissipated power dependence of
the rotational temperature. All measured at the plasma jet contact point on the ground
electrode. The two vertical lines in (b) indicate the two mode transition points.
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