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ABSTRACT

Microwave Diagnostics of Atmospheric Plasmas

Plasma treatment of biological tissues has tremendous potential due to the wide range
of applications. Most plasmas have gas temperatures which greatly exceed room
temperature. These are often utilized in electro-surgery for cutting and coagulating tissue.
Another type of plasma, referred to as cold atmospheric plasma, or CAP, is characterized
by heavy particle temperatures which are at or near room temperature. Due to this lack of
thermal effect, CAP may provide less invasive medical procedures. Additionally, CAP
have been demonstrated to be effective at targeting cancer cells while minimizing
damage to the surrounding tissue.

A recently fabricated Microwave Electron Density Device (MEDD) utilizes
microwave scattering on small atmospheric plasmas to determine the electron plasma
density. The MEDD can be utilized on plasmas which range from a fraction of a
millimeter to several centimeters at atmospheric pressure when traditional methods
cannot be applied. Microwave interferometry fails due to the small size of the plasma
relative to the microwave wavelength which leads to diffraction and negligible phase
change; electrostatic probes introduce very strong perturbation and are associated with
difficulties of application in strongly-collisional atmospheric conditions; and laser

. . .. . 12 -
Thomson scattering is not sensitive enough to measure plasma densities <<10'* cm™.

The first part of this dissertation provides an overview of two types of small
atmospheric plasma objects namely CAPs and plasmas utilized in the electro-surgery. It
then goes on to describe the fabrication, testing and calibration of the MEDD facility.

The second part of this dissertation is focused on the application of the MEDD and

vi



other diagnostic techniques to both plasma objects. A series of plasma images that
illustrate the temporal evolution of a discharge created by an argon electrosurgical device
operating in the coagulation mode and its behavior was analyzed. The discharge of the
argon electrosurgical system was studied using an Intensified Charge-Coupled Device
(ICCD) and the MEDD. The plasma density was measured and found to be in the range
of (7.5-9.5)-10"° ecm™ for applied powers of 15-60 Watts. The discharge can be classified
as a glow discharge of alternating current with a contracted positive column. The
discharge ignites every half-wave of the driving voltage when voltage increases above the
breakdown threshold of about 300 Volts and is interrupted at the end of each half-wave
when the voltage approaches zero. Additionally, it was shown that the plasma discharges
on the target object during the positive half-wave of the voltage.

The power distribution was also analyzed. It was found that 60-70% of the input
power is delivered into the tissue and the remaining 30-40% is consumed by the plasma
column between the electrosurgical probe and tissue. The application of the MEDD to a
helium CAP revealed the temporal dynamics of the discharge. It was observed that
streamer development associated with the measured plasma density peak is developing
on the decaying part of the main inter-electrode discharge.

The third part of the dissertation focuses on the simulation of a helium CAP. A
one-dimensional model of a helium CAP was used to simulate twenty-one oxygen,
helium, and nitrogen species. One hundred and forty reactions were successfully used.
The predicted maximum and average densities of the species were tabulated. Graphs of
the species densities were presented showing the change in densities with respect to the

radius of the CAP. The plasma bullets can be seen via these graphs, with most species
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displaying maximum densities at a radius which is not the center of the CAP. This shows
that the plasma bullets are a disk-like structure at the moment of time presented. Values
of E/p were varied from 20 — 30 volts/cm Torr. Based on experimental results of
moments in time with which the maximum plasma density occurs, this data can be used

to predict the actual E/p values for future experiments.
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CHAPTER 1 INTRODUCTION

1.1 CHALLENGES AND RESEARCH MOTIVATION

Many of the properties of small atmospheric plasma objects are not yet fully
understood. In particular, the electrical properties such as electron density, how much
power is delivered into the plasma and the plasma chemistry associated with cold
atmospheric plasmas (CAP). The plasma frequency and electron density are fundamental
parameters of any plasma. In fact, in the absence of thermal effects and collisions, the
electron density is the only unknown parameter which must be solved for in order to
determine the plasma frequency. [71]

This research is focused on the plasma and electrical properties of an argon plasma
scalpel as well as the plasma properties and chemistry associated with a helium CAP. The
intent is to improve atmospheric plasma diagnostics for a commercially available argon
plasma scalpel was well as a helium CAP which is not yet commercially available.

The electrical properties and electron density of an argon plasma will be evaluated.
Additionally, the plasma chemistry of a helium CAP will be simulated to show that
plasma bullets are largely driven by plasma chemistry and diffusion. Furthermore, it is
hoped that this work has improved the capabilities of The George Washington University,
Micro-propulsion and Nanotechnology (MPNL) laboratory via the fabrication, testing,

and usage of the Microwave Electron Density Device (MEDD).

1.2 PLASMA HEALTHCARE

Heat and high temperature have been used in medicine for sterilization, cauterization,
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and tissue removal for centuries. [1] Argon Plasma Coagulation (APC) is a prime
example, whereby a highly-conductive plasma is used to pass current through the living
tissue. APC is used in the endoscopic management of many gastrointestinal (GI) diseases,
including hemorrhagic proctitis, watermelon stomach, bleeding peptic ulcer, and colonic
varices. [2]

Recent focus has been on the ability to “tune” plasma, thereby having greater control
over the gas temperature, electron temperature, input power, and gas constituents, with
the goal of managing the chemical reactions taking place within the plasma. It is hoped
that this will lead to the ability to provide the crucial chemical species (electrons, ions,
and molecules) that have been shown to yield the desired results. In order to obtain this
goal, multidisciplinary teams around the world, including engineers, plasma physicists,
chemists, microbiologists, and doctors have been working hand-in-hand to analyze
various types of plasmas and their impact on bacteria and cells.

Areas that are receiving research interest in recent years include: hospital hygiene,
community hygiene, antifungal treatment, dental care, skin diseases, chronic wounds,
cosmetics, blood cleansing, pharmaceutical processes, and cancer treatment. [3] Kong, et
al describe three basic methods in which plasmas are administered: Direct plasmas — this
application method uses the skin or other tissue as an electrode so that the current
produced has to pass through the body. This current is typically in the form of conduction
current, displacement current, or both. Indirect plasmas — produced between two
electrodes and the plasma is then transported to the area of application. Due to various
device sizes, carrier gas, and input power, there are many different configurations.

Hybrid plasmas — combine the production techniques of direct plasmas with the



current-free properties of an indirect plasma. This is typically done by using a wire mesh
as the grounded electrode in lieu of the tissue acting as an electrode.

Plasmas also have other intended and unintended consequences which must be
considered when dealing with the human body. These include ultra-violet (UV) radiation,
reactive molecules, and electrical currents. UV light around 260 nm has been shown to
initiate a reaction between two pyrimidine molecules (thymine and cytosine) adjacent to
each other on the same strand of DNA causing them to form a dimer. This is the primary
type of DNA damage created by UV and must be considered when applying plasma
treatment to humans. [3]

With regard to reactive molecules, Kong et al report an upper human limit of 50 parts
per billion for Ozone and a suggested 5 parts per million for NO, and 25 parts per million
for NO over an 8 hour period. Additionally, electric shock is always a concern when
dealing with plasmas. Of course, the application method weighs heavily when dealing

with electric current, with indirect and hybrid plasmas being safer delivery methods.

1.3 ELECTROSURGICAL PLASMAS

Electro-surgery has been utilized for cutting and coagulating tissue for about 90 years.
[30,31] Electrosurgical coagulation has improved treatment of many gastrointestinal
diseases such as radiation proctitis, Barrett’s esophagus, gastric antral vascular ectasia,
and arteriovenous malformations. [2, 32-38] Additionally, it may decrease postoperative
swelling and inter-operative blood loss for other areas of the human body such as knee

joint replacement.



Electrosurgical Argon Plasma Coagulation (APC) utilizes plasma produced by the
ionization of a few millimeters in diameter of argon flowing into an ambient air from an
electrosurgical hand-piece. The intensity of treatment and the effect induced in the living
tissue strongly depends on the plasma properties. [39] Such atmospheric pressure
micro-plasmas are difficult to study using conventional diagnostics. Microwave
interferometry operating in the GHz frequency range fails due to the small size of the
plasma compared to the microwave wavelength causing diffraction and negligible phase
change. Electrostatic probes introduce very strong perturbation at insertion into the
plasmas and are associated with difficulties of interpretation at strongly-collisional
atmospheric conditions. [40, 41]

Recently, several methods for the measurement of parameters of atmospheric pressure
plasmas were proposed. Various spectroscopic techniques were suggested, namely
passive optical emission spectroscopy (OES), laser-induced fluorescence spectroscopy,
diode laser absorption spectroscopy and Rayleigh, Thomson and Raman scattering of
laser radiation on micro-plasmas. [42-49] These techniques are characterized by good
spatial resolution (down to 10-50 pm). Additionally, they offer minimal detectable values
of plasma density, on the order of ~10"* cm™. However, they also require great stability
of the discharge since they are based on averaging over large numbers of the discharge
events.

An alternative approach, capable of detecting low plasma densities (down to 10''-10"
cm™) at atmospheric pressure is Rayleigh scattering of microwave radiation on
micro-plasmas. [27] The concept of the method was first proposed theoretically by

Shneider, and then implemented experimentally in studies of laser-induced avalanche



ionization in air, resonance-enhanced multi-photon ionization in argon and non-thermal
atmospheric plasma jets. [27, 50-52] The method consists of measurements of radiation
scattered from micro-plasmas irradiated by microwaves in the GHz frequency range. In
the Rayleigh regime the electric field amplitude of the scattered wave is proportional to
total number of electrons in the micro-plasmas and thus the plasma density can be
determined if the plasma volume is known. [25]

It is interesting to note, that although higher temperature plasmas have been used for
a longer period of time in medicine, there is little literature categorizing the plasma
discharges. In contract, CAPs have received considerable interest in the past decade. A

summary of some of the recent research is provided in the next section.

1.4 COLD ATMOSPHERIC PLASMAS (CAP)

With regards to the term Cold Atmospheric Plasma, or CAP, the word ‘Cold’ is
relative. In fact, non-thermal and non-equilibrium are also common terms used to
describe similar plasmas. These are in reference to the fact that in all plasmas supported
by an electric field, the electrons receive energy much faster than the surrounding atoms,
molecules, and ions. Electrons can be heated to tens of thousands degrees Kelvin, as
compared to the surrounding gas. This leads to the situation where the electrons may be
at 5 eV, which is the equivalent of 58,000 K, while the surrounding gas, or in this case the

bulk plasma may remain close to 300K.

1.4.1 CAP Discharge

Streamer theory is based in the growth of a thin ionized channel, also known as the



streamer. The streamer follows the positively charged trail left by the primary intensive
avalanche. This charge separation creates an electric field, whereby electrons of
secondary avalanches are pulled into the tail by the field. These avalanches are initiated
by new electrons created by photons close to this tail. Photons are then emitted by atoms
that the primary and secondary avalanches have excited. [4] There are two primary types

of streamers: positive, or cathode directed streamers and negative, or anode directed

streamers.
A ANODE B ANODE
t2>1tl t3>12
L
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field
h\/
hv

CATHODE | CATHODE
FIGURE 1.1 STREAMER AND PLASMA BULLET. (A) The cathode directed streamer (shape

and charge distribution) is shown at two consecutive moments of time; wavy arrows
depict photons, minus signs represent negatively charged particles, plus signs depict
positively charged particles. The electric filed is indicated with a back arrow. (B) The
actual image of the streamer “plasma bullet” in cold atmospheric plasma helium jet is
shown at three consecutive moments of time made with an Intensified Charged Coupled

Device in the Micro-propulsion and Nanotechnology Laboratory facility, SEAS GWU.



1.4.2 Plasma Bullet

Teschke et al were the first to report the observance of a plasma bullet in April of 2005.
The group used a Charged-Coupled Device (CCD) to analyze a high voltage (1 — 15kV),
low frequency (5 — 50 kHz) jet with relatively low gas velocities (3 — 20 m/s). The total
consumption of electrical power was near 4 Watts. Noting that long exposure times make
the plasma look homogenous, photos taken with an Intensified CCD (ICCD) showed
what appeared as a “plasma bullet” leaving the tube. Of critical importance was the fact
that the bullet traveled at a velocity much faster than the gas itself. Teschke et al also
noted that the bullet always appeared during the rising time, or rising slope, of the power
supply voltage. [6]

In 2006, Laroussi and Lu used a plasma pencil device with a pulsed electric field to
obtain higher electron temperatures. [7] Two, thin copper ring electrodes were attached to
the surface of a centrally perforated alumina disk and helium was used as the primary gas.
The group observed three current pulses, which were attributed as follows: the first
pulse was associated with the first discharge initiation located within the chamber, the
second was linked to the firing of the plasma bullet, and third and final pulse was
associated with the charge build-up on the electrode dielectric surfaces.

The plasma bullets were seen to initiate around 0.4 x 10° m/s and accelerate to 1.4 x
10° m/s and reached a maximum velocity at nearly 1.5 x 10° m/s. This velocity was
markedly different from the gas velocity, which was about 8.3 m/s. In order to explain
this behavior, Lu and Laroussi used a streamer propagation model originally proposed by
Dawson and Winn.

Due to the assumed low electric field, the model assumes photo-ionization plays an



important role. The head of a cathode-directed streamer is assumed to be a sphere of
radius of ro, which contains 3 x 10’ positive ions. As the sphere moves forward, it leaves
behind a quasi-neutral ionized channel with a negligibly low conductivity. Under this

model, the head is not connected to the anode and only the streamer head is measurably

luminous.

> 7

FIGURE 1.2 STREAMER PROPAGATION MODEL [6-8]

Due to photon emission from the streamer, a single photoelectron is assumed to be
created at a distance r; from the center of the sphere. Due to this space charge, the
electron is accelerated towards the sphere and an avalanche is initiated. In moving toward

the sphere from r; to r,, the electron forms an avalanche of multiplication

&Y
n= f adr
T2

The diffusion radius is

w=(s ["(2) dr)”z

2

where a is Townsend’s first ionization coefficient, D is the diffusion coefficient and vq4

is the electron drift velocity. [7] Since complete data is not available for these quantities,



Laroussi and Lu use r; as the distance for which E/p = 30 V/cm mm Hg, which is the
value for air. We will see in Chapter 4 that this value can be reduced for simulations of
helium jets in air, since the primary plasma plume can be assumed to propagate in a
larger percentage of helium in addition to the background air.

In order for the streamer to propagate under low or zero field [6-8] : (1) the number of
new positive ions created by the avalanche must be equal to n", the number of ions in the
original sphere; (2) the diffusion radius of the avalanche head must not become larger
than ry; and (3) the avalanche must reach the required amplification before the two charge
regions begin to overlap. This sets the criteria that 2 ry < r».

Lu and Laroussi went on to show that if n" is larger than 3x10°, 2 1y is smaller than 1,
then according to the Dawson and Winn model the plasma bullet velocity can reach
values as high as 10° m/s and can travel for several centimeters in the absence of an
electric field. This was the first successful explanation as to why the plasma bullets could
be traveling at velocities which were so much greater than the gas velocity. It should be
noted, that even though plasma bullets can be observed at very small exposure times via
the use of an ICCD, to the naked eye the plasma appears uniform. In other words, plasma
bullets cannot be observed with the naked eye.

In 2008, Sands et al also reported on the observation of plasma bullets. [9] Their
plasma source appeared to be electrically driven and was operated at low gas flow rates.
Helium, with varying percentages of argon was used as the primary gas. When energized,
a capillary dielectric barrier discharge (CDBD) was excited inside a gap with a plasma jet
extending beyond the edge of the capillary. An ICCD camera with a 5 ns gate width was

used to monitor the CDBD and plasma jet. Imaging showed that the plasma jet was



initiated before the CDBD, meaning that the plasma jet was initiated independently of the
discharge inside the capillary. Additionally, by measuring 750 nm emission profiles from
the CDBD and jet, the group showed that the interior discharge emission lagged the jet by
about 10 ns. To confirm this observation, the gap distance was increased and the CDBD
emission delay increased from about 10 ns to 50 ns. The plasma bullet speed was
estimated to be (4-8) x 10’ cm/s and varied based on the applied voltage, pulse repetition
rate, total gas flow and argon/helium flow ratio. Sands et al also noted that the dynamics
of the ionization front closely resembled the dynamics of cathode-directed streamers in a
non-uniform field. [9]

Sands et al also performed an experiment where the 750 nm emission from the argon
3p° 4p — 3p° 4s transition, the 391 nm emission from the N," B*Y, — Xzzg (0,0), the 389
nm emission from the 3P — 2°S; transition, and the 337 nm emission from the N2C3]_[u -
B3]_[g (0,0) were filtered. The filtered emission covering the 389 nm He and 391 N,"
transitions tracked the ionization front and clearly outlined the plasma bullet while
emissions from excited N, at 337 nm showed a weakly ionized plasma channel that
persisted behind the propagating front. [10]

In 2008, Walsh and Kong reported on the frequency effects of plasma bullets. They
performed experiments from 10 to 500 kHz and found three different types of plasma
dynamics. When the frequency increased from 80 kHz to 170 kHz, the plasma appeared
much longer and brighter. They attributed this to the increased current density at higher
frequencies. [11]

Xian et al noted that although plasma bullets often share features with a

cathode-directed streamer, there are times when they do not. One primary similarity is the
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fact that plasma jets appear to be electrically driven. However, streamers in pulsed
positive corona discharges are not repeatable, whereas plasma bullets appear to be.
Interestingly, the group developed a plasma source that had a maximum amplitude of
10kV with a repetition rate of 10kHz, yet the needle could be touched with a human hand
due to a capacitor and resistor connected in series stemming from the needle. This kept
discharge current within acceptable safety ranges for human contact. Most importantly,
for their device, the group found that plasma bullets behaved more randomly at 8kV, yet
at 9kV the plasma bullets were repeatable. [12]

Mericam-Bourdet et al reported that the length of the plasma plume is dependent on
the gas type, flow rate, and applied voltage. For any device, the optimum flow rate to
orifice dimensions should be found in order for the gas flow to remain laminar for longer
and prevent turbulence from developing. Once an optimum flow rate for a particular gas
is found, the voltage becomes the main parameter affecting the length of the plume. Their
observations were that a bullet accelerates out of the orifice, reaches a maximum velocity,
and then the velocity quickly dropped at the end of the jet. Although the length of the jet
increased with voltage, this phenomenon levels out and therefore there is an optimum
voltage for each varying flow rates. [13]

Another interesting observation was that regardless of the magnitude of the applied
voltage, the plasma bullet extinguished at the same time. This meant that bullets reached
higher velocities faster at higher voltages. Also, as the voltage increased, bullet formation
happened sooner. This meant that both the formation time and average velocity changed
based on the input voltage in order for the bullets to terminate at the same time. By

placing the ICCD along the propagation length of the plume, the group observed the
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plasma bullets are a donut shape. This was explained as the bullet being a solitary
ionization surface wave, meaning that their propagation would be dependent upon the
dielectric constant of the two adjacent media (air and helium). This theory was confirmed
by witnessing the bullet’s acceleration as it went from the helium-glass interface to the
helium-air interface. [13]

Additionally, for the first time, Mericam-Bourdet et al applied an external dc electric
field to the plasma jet and witnessed impacts to the length of the plume as well as the
initiation time of the bullets. With the application of an E-field orthogonal to the jet axis,
the group was able to bend the plume and therefore the direction of the plasma bullet.
This was interpreted as the overall charge of the plasma plume being negative, with the
negative charges coming from the electrons and the negatively charged ions such as O,
Lastly, optical emission spectroscopy (OES) was used to show that the spectrum was
dominated by N, and N excited states. Atomic Oxygen, O and hydroxyl, OH were also
present. Of interest was the fact that N," reached a maximum value at the same flow rate
that the maximum jet length was achieved. This was taken as an indication that the N,
density is a critical parameter influencing the characteristics of the plume. Furthermore,
N," and He line intensities were a maximum at 12 mm along the jet. This position
coincided with the point where the plasma bullet reached a maximum velocity. The group
interpreted this observation as the N, ionization by helium metastables playing an
important role in the propagation mechanism of the bullet. [13]

Using computational fluid dynamics, Karakas et al modeled a plasma pencil in order
to show that if the ratio of air molecules to helium atoms exceeds a certain limit, the

plasma bullet would be inhibited. Since ionization and attachment processes dominate the
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formation of plasma bullets, electron attachment to oxygen plays a key role. In order to
sustain the discharge, the Townsend first ionization coefficient o must be larger than the
attachment coefficient 3. In order to maintain the ionization process, in addition to energy,
the propagation channel should always be fed by a new volume of helium gas. The group
studied the 501.6 nm helium transition (3'P — 2'S), 20 mm away from the cathode for
different helium exit velocities. By graphing the helium emission intensity and plasma jet
length versus the helium exit velocity, it was shown that the slopes were nearly the same,
meaning that the helium mole fraction along the bullet propagation path was related to
the existence of the plasma jet. Additionally, by placing the plasma pencil on its side, the
ICCD images could be seen to bend (due to the buoyancy force of helium). The plasma
bullet was shown to follow the trajectory of the helium flow. Via experimental
observations, Karakas et al divided the flows into a laminar region, transition region, and
turbulent flow regime. These regions are highly dependent on the plasma jet apparatus,
primary gas, and flow rate. [14]

Karakas and Laroussi studied the bullet lifetime and its velocity as a function of
various operating conditions. They noted that the lifetime of the bullet depended on three
main factors: 1) the magnitude of the applied voltage 2) the secondary discharge ignition
time and 3) the helium mole fraction along the bullet’s propagation path. [15] Laroussi
had previously shown that for DBD sources driven by short high voltage (HV) pulses, in
addition to the main discharge a secondary discharge is self-ignited during the fall-time of
the applied HV pulse. [16] At the end of the HV pulse, the secondary discharge occurs
due to the accumulation of charges on the surface of the dielectric. These charges were

accumulated during the primary main discharge.
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The group defined a transition point, at which the pulse width becomes too large and
the air molecules quench the ionization channel. This occurs prior to the secondary
discharge and prohibits the propagation of the plasma bullet. Thus, the transition point
separates the plasma bullet inhibition zones (the secondary discharge ignition zone from
low helium mole fraction zone). If the applied voltage is increased, the plasma bullet will
have higher velocity and thus reach the transition point earlier. By studying the temporal
evolution of the reactive species in the channel, they showed that reactive species exist in
the channel after the bullet has passed. The channel initially appears as an extension of
the plasma bullet, but if the applied voltage is high enough, the bullet will break off. They
termed this the break-off time, which is a function of the HV, but remarkably is
independent of the pulse width. [15]

Contrary to expectations, even when the plasma bullet breaks off of the channel, the
secondary discharge is still able to inhibit the bullet’s propagation. Due to the existence
of long lived and short lived species in the channel, the secondary discharge is able to
propagate along the ionization channel, and eventually stops the plasma bullet from
propagating further. Most notable was the explanation of the phenomenon: the electrons
flow opposite the direction of the plasma bullet. During the bullet’s propagation, a
number of electrons accumulate on the positive electrode dielectric surface. The total
amount of electrons in this accumulation is almost equal to the electron number in the
plasma bullet. When these electrons are released from the dielectric surface at the end of
the applied voltage, they create an opposing current along the ionization channel. This
negative current, which acts against the normal succession of events during the bullet

propagation, leads to a slowing down of the plasma bullet and its eventual inhibition. [15]
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Walsh et al divided the plasma jet into three distinct modes: chaotic, plasma bullet, and
continuous. The chaotic mode was observed after gas breakdown. As the input power was
increased, the discharge enters the bullet mode and eventually undergoes a third transition
to continuous mode as the power was further increased. Each transition is abrupt and
distinct. All three modes have one distinct peak in current for every positive half cycle of
the applied voltage. In the chaotic mode, sometimes a current peak is observed in the
negative half cycle and sometimes it does not. The group theorized that the small
variations in the number of seed electrons in the discharge gap and surface charges on the
dielectric tube between subsequent cycles results in the ignition of plasmas with very
different characteristics. In contrast, for both the bullet and the continuous mode, each
half cycle yields one strong current peak, with the negative half cycle peak being less
strong than the positive. 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. Since the magnitude of the current
changes by less than 0.5%, it suggests an inherent regulation of plasma dynamics
between the cycles. [17]

The group also observed that in the bullet mode, the light emission appeared as a sharp
burst during each half cycle of the applied voltage and the peak intensity was observed
slightly after the current spike. In the positive half cycles, the optical emission appeared
as a highly intense yet narrow burst whereas the emission in the negative half cycle is less
intense but broader in duration. In contrast, in the continuous mode the emission within
the discharge space never drops to zero. [17]

[lustrating Dawson’s model of the cathode-directed streamer in Figure 1.3: a) a
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positively charged plasma head emits photons b) new electrons produced by photon
ionization create a strong electric filed c¢) photoelectrons move to the original plasma
head and leave behind new positive ions to form the new plasma head d) ions are

neutralized e) the new plasma head emits photons f) creation of a new plasma head. [17]
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FIGURE 1.3 DAWSON’S PHOTOIONIZATION THEORY. [17]

Walsh et al witnessed alternating intensities at 2 ns intervals, indicating a periodic
burst of photon emission. The images suggested a repetition of generation, collapse, and
regeneration at locations progressively extending in the forward direction (towards the
instantaneous cathode). This may in fact be the first imaging evidence of Dawson’s

model, but the group cautioned that the ICCD was operating below the manufacturer’s
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recommended limits of 5 ns and further research and evidence is needed. Additionally,
though the 2 ns images are evidence of the theory, the actual phenomenon more than
likely occurs at time scales less than 2 ns. In other words, the 2 ns images show the
phenomenon, but the actual time scale would be some division of 2 ns which enables the
alternating brighter and darker images to offer proof none-the-less. [17]

Lastly, it should be noted that Walsh et al did not report the appearance of the plasma
bullet during the continuous mode. This does not however mean that the plasma bullet or
the Dawson propagation model is not valid. The group noted that 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, super-elastic ionizations and metastable pooling of helium metastables as well
as through Penning ionizations involving excited nitrogen molecules. What this means is
that the plasma bullet or the photon ionization postulated by Dawson could be masked by
the heightened collision and ionization activity that exists within the channel. [17]

Zhu et al used OES and electron multiplying charge-coupled device (EMCCD)
imaging to study the geometrical shape of jets in ambient helium as opposed to ambient
air. They pumped a bottle chamber down to 1 x 10 Torr and then refilled it with high
purity helium to 730 Torr at room temperature. The group found that in ambient air, the
jet looks like an arrow, but has a diffusive (bulb-like) shape in ambient helium.
Additionally, in ambient air, increasing the applied voltage led to an initial increase in jet
length, followed by a leveling off to the jet length. In ambient helium, the jet length
continued to grow (although it should be reiterated that it is spherical in ambient helium

and not arrow-like, as is the case in air). [18]
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Topala and Dumitrascu observed in their experiment with a dielectric barrier discharge,
that the plasma bullet appears as a uniform disk while in the cylinder, but once the plasma
bullets exited to the air, they became larger, more intense and ring shaped. This
observation was complemented by Wu et al who showed that the bullet became disk
shaped when nitrogen was added to the working gas. Similarly to Zu et al the group used
a vacuum gas chamber which was pumped down to a few militorrs prior to being refilled
with the working gas. When helium was used as a working gas, the bullets had a ring
shaped structure, but when a helium and nitrogen mixture was used, the bullets had a disk
shape. Additionally, when helium was used, the bullet accelerated after leaving the exit
nozzle into the surrounding air. Contrarily, when the surrounding gas was replaced with
helium, the velocity of the plasma bullet decreased rapidly once exiting the nozzle. The
group noted that since O, plays a vital role in the energy loss of electrons due to the
electron attachment effect, the acceleration behavior of the bullet was probably due to
diffusion of nitrogen from the surrounding air. [19, 20]

Karakas et al divided the lifetime of the plasma bullet into three phases: the launch
phase, the propagation phase, and the ending/collapse phase. An electron avalanche
begins creating the plasma bullet inside the reactor on the positive electrode side. After
some time, complete breakdown occurs between the electrodes causing the plasma bullet
to go through the ground electrode in the same direction of the helium. When the plasma
bullet comes in contact with air molecules, the ionization wave together with metastable
helium atoms excites the air molecules. The group observed that the bullet velocity and
diameter increases during the launching and propagation phase. During the ending phase,

the bullet diameter and luminosity are much less than during the launching and
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propagation phase. The ending was attributed to three main causes: high air mole fraction

along the gas channel, inadequate applied power, or secondary discharge ignition. [21]

1.4.3 CAP Sources

There are four main sources of CAP which will be highlighted, namely: dielectric-free

electrode (DFE) jet, DBD jets, DBD-like jets, and single electrode (SE) jets. [22]
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FIGURE 1.4 DIELECTRIC-FREE ELECTRODE (DFE) JET [23, 24]

The jet depicted above is from the Hicks’ group [23, 24] and is driven by a radio
frequency power source at 13.56 MHz. One negative aspect of the DFE is that arcing is
unavoidable unless stringent conditions are met for stable operations. One positive aspect
is that the power delivered to the plasma is much higher than that delivered by DBD or
DBD-like jets. This may result in better plasma chemistry, but the gas temperature is

often outside the range of medical applications. [22]
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FIGURE 1.5 DIELECTRIC BARRIER DISCHARGE (DBD) JETS [22]

Examples depicted above are for the DBD jets which often have a working gas of
helium or argon. When this working gas is supplied through the dielectric tube and a kHz
HYV power supply is turned on, a cold plasma jet is generated in the surrounding air (see
pink in above figures). For most DBD jets, the plasma remains at or near room

temperature which is beneficial for most biological applications.
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FIGURE 1.6 DBD-LIKE JETS [22]
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DBD-like jets differ from DBD jets because when the plasma plume is not in contact
with a target, the discharge acts like a DBD. When the plume is in contact with a
conductive object, the discharge runs from the HV electrode to the object being treated.
Cleary these devices need to be operated with caution during medical scenarios to avoid

the risk of arcing.
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FIGURE 1.7 SINGLE ELECTRODE (SE) JETS [22]

For SE jets, the dielectric plays the role of guiding the primary gas. As with DFE and
DBD-like jets, SE jets run the risk of arcing and need to be used carefully in biomedical
applications. One potential use for SE jets is in dentistry, namely root canal treatment.
Using a device similar to Figure 1.7c, a plasma can be generated inside a root canal,
which differs from other devices which generate plasma outside and attempt to carry the
plasma in via gas flow. This is often not possible due to the small size of the root canals

and therefore for small scale applications SE may be more appropriate. [22]
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1.5 SUMMARY

Although the use of APC has been used in medicine for a much longer period of time,
it can be seen that that much less research has been devoted to the study of and
categorization of the plasma properties. This is probably due to the increased potential
applications of CAP in the human body, due to their non-thermal effects. CAP have
recently been shown to offer specific cell removal without greatly influencing the
surrounding tissue. [71] APC is primarily used in coagulation applications, taking the
place of more traditional scalpels thereby cutting and coagulating the tissue
simultaneously to reduce blood loss and subsequent infections. CAP, on the other hand,
have the overarching goal of operating below the threshold of thermal damage. [71] This
work is aimed at the study of both an APC and a CAP device, with the goal of
understanding the electron densities of each method, as well as other properties. The next
section will describe the theory, fabrication, testing and calibration of the MEDD which

was used in the experiments.
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CHAPTER 2 FABRICAION AND CALIBRATION OF THE

MICROWAVE ELECTRON DETECTION DEVICE (MEDD)

This chapter describes theory, fabrication, experimental setup, and calibration of the
MEDD. Firstly, the theory behind microwave diagnostics for small plasma objects will be

reviewed.
2.1 OVERVIEW OF THEORY [25-27]

In 2005, Shneider and Miles proved that microwave radiation could be used as a
diagnostics technique for collisional, weakly ionized plasmas. Until this publication, the
technique was historically used when AL << 1, where A = 2nc/® the microwave
wavelength and L being the plasma scale. Shneider proved that under the opposite case,

when A/L >> 1, microwave scattering remains a viable diagnostics technique. One

stipulation is that the skin layer thickness,§ = , with o being the plasma

20 Wmho
conductivity and w,,, the microwave frequency, must be greater than the characteristic
size of the plasma. If this is the case, then in the far field (the distance of the microwave
receiving antenna is very much greater than the characteristic size of the plasma), the
plasma can be regarded as an induced point dipole radiation source. [25,26]

Due to an incident microwave of intensity,
Ii = 2_ &C Eg,i

The partial differential equation of the electron movement is

. : e
Az + Vepdz + wjdz = — Ey; cos(wt)
e

23



Where e is the electron charge, m, is the mass of an electron, Ey; is the electric field of
the microwave, w, = +/e?n/eym and v, is the electron-neutral collision frequency.

Beginning with the general case of an oscillating dipole, the instantaneous dipole

radiation power is

az
6TE, C3

By substituting the dipole moment, d(t) = enAz(t)LS = dy cos (ot + ¢) and averaging

over the microwave period, the total averaged power radiated by the plasma dipole is

d"OZa)4 1 LV wy* w*

- 12me, c3 = 6nct (W — w?)% + (Vepw)?

(©)

and the effective Rayleigh cross section is

0 1 V2w,* w* et w?2
or(w) = u 2 = -

_ 2
I 6mct (wg _ wz)z + (vw)2 6T gictmvg,

where V = LS is the plasma channel volume, S = mr* and () is the average over the
microwave cycle.

When measuring the scattered radiation from a suitable distance (R>>L and R>> 1),
the scattered radiation from the plasma channel can be considered to originate from a

point dipole source where the effective differential scattering cross section is

dop 3 -
30~ 8q ORSIN ¢
With ¢ being the angle between the dipole vector and the direction of observation, the

corresponding averaged intensity and electric-field amplitude are:

60‘R Ii

3 1
Is(R) = 0 RZ 8n (©) Rz sin*¢
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where R is the distance from the scatter source (plasma) to the detector. It should also
be noted that although the microwave can be any polarization, the strongest effect will be
when the microwave is linearly polarized with the electric field along the plasma column.
In 2010, Shashurin et al used the above analysis, as well as the fact that the amplitude

of the scattered radiation is proportional to the following [27]:

sin¢

E, I,Lw

with Iy being the electrical current excited in the plasma. For cylindrical plasmas
oriented along the z axis with a cross section S, I, = ¢E;S if considered conductive and
Iy, = go(e — 1)wWE;S if considered a dielectric.

By using a homodyne scheme in-phase and quadrature (I/Q) mixer, the total

amplitude, U, of the output signal from a microwave system can be determined by using

the formula: U = \/m . U may then be correlated via the two relations: U = AdV
for a conductor and U = Agy(e — 1)wV for a dielectric. Several different dielectric
materials, including Teflon, alumina, polyethylene, and quartz were then fired at high
velocities over the radiating horn while measuring the microwave response. This enabled
the calculation of A in units of V 2/cm®. Once A was determined for the system, the
microwave response from the plasma was then used to obtain the absolute electron

density. This is under the assumption that the plasma can be treated as a conductor.
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2.2 FABRICATION OF MEDD

2.2.1 Experimental Requirements and Set-Up

The overall goal of the MEDD is to provide a simulated 360-degree viewing of the

plasma about ¢ and 6. Again noting that ¢ is the angle about the dipole vector and angle

of observation. 0 is the angle of observation of the plasma object and in order to remain

in the Rayleigh regime where the scattering is isotropic, the measurements must be

consistent about theta. The major challenges with the MEDD were thus:

1.

The set-up must be sturdy enough in order to not only rotate about theta and phi,
but also to lock the set-up in place and hold torque which is created by the weight
of the receiving horn and the accompanying microwave cables which are attached
to the horn.

The distance from the plasma to the receiving horn, or R, should be able to be
increased or decreased.

Since the apparatus is mounted on an optical table, realistically 180 degrees for phi
and slightly larger than 180 degrees for theta are possible. A plasma measured at
phi of 80 degrees should have the same results as a plasma measured at theta of
110 degrees.

In order to fire calibration bullets directly into the location where the X, Y, and Z
axis cross, it is necessary to have a pneumatic “gun” directly along the Z axis. This
further complicated the design and fabrication since the gun must pass through the
axis about which the entire arch is rotated.

The final design allowed for 6 = -28 degrees to +180 degrees and ¢ = -23 degrees
to 203 degrees.
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FIGURE 2.1 ARCH FABRICATION PHOTO 1

The above photo shows the milling of the primary arch of the MEDD. The outside
diameter is 15 inches, the diameter of the holes about ¢ are at 13.5 inches diameter and

the interior diameter is 12 inches. The holes were spaced at 3-degree increments.
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FIGURE 2.2 ARCH FABRICATION PHOTO 2

The precision milling can be seen in this photo as the interior diameter of 12 inches
was milled in about 40 stages. This was performed in this manner due to the stringent
requirements of the desired arch. The arch itself was one of the critical components that

required adequate strength as well as precise specifications.
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FIGURE 2.3 EARLY EXPERIMENTAL PHOTO

This location is ¢ = 45 degrees and 6 = 90 degrees. If the entire arch were to be
rotated towards the reader, then theta would increase. If the entire arch were to rotate
away from the viewer, then theta would decrease to a minimum value of negative 28
degrees. In this image, the radiating horn is mounted to a temporary wood stand which

was in turn mounted to the optical table.
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FIGURE 2.4 THETA HINGE

The arch rotates about theta via the hinge depicted in this photo. As previously
mentioned, a pneumatic gun must be able to be inserted through the hinge so that
calibration bullets could be fired in the Z-direction. For the purposes of this experiment,
Z-direction was defined as the horizontal direction; therefore rotating about theta is
synonymous with rotating about the Z-axis. Not only must the entire arch rotate about the
Z-axis, but offsets must be taken into account. The total offset of the arch from a value of
Z equal to zero, was the same offset that the receiving horn had from the Z-axis once
mounted to the arch. This enabled the entire arch, with mounted receiving horn, to be

rotated and the receiving horn was always in line with the radiating horn.
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FIGURE 2.5 THETA LOCKING MECHANISM

The opposite side of the MEDD from which the pneumatic gun fires has a locking
mechanism to hold the arch at various angles of theta. Additionally, there is a Thor Labs
angle measurement apparatus which enables the proper measurement of theta prior to

locking in the arch in place.
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FIGURE 2.6 LINE LASER ALIGNMENT

Two laser devices which produce laser lines were purchased and mounts were
fabricated for the radiating and receiving horns. The line lasers were used to ensure the
horns maintained total alignment as the arch was rotated about theta. Additional point

lasers are also used to ensure plasma devices are located properly along the Z axis.
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FIGURE 2.7 PNEUMATIC GUN AND

ICC SET-UP

The ICCD was installed on the optical table so that it was viewing the coordinate
origin of the X, Y, and Z coordinate system. This coordinate was located directly above
the radiating horn, seen here mounted to the optical table pointing directly upwards. The
receiving horn can be seen mounted to the arch at a location of ¢p = 90 degrees and 6 =
-28 degrees. Additionally, the pneumatic gun can be seen along the Z-axis. A targeting
device was fabricated in order to allow for precise alignment of the calibration bullets

along the Z-axis.

33



2.3 CALIBRATION OF MEDD

2.3.1 Experimental Setup

A pneumatic gun was fabricated to fire bullets made of various dielectric materials.
Figure 2.7 depicts the set-up. Various dielectric materials, primarily Nylon, Teflon,
Rexolite Polystyrene, MPSZ, and Fluorinated Ethylene Propylene were used over the
course of several months of calibration. Microwave amplifiers were also experimented
with in order to optimize the microwave response to the calibration bullets while
minimizing background noise. The set-up angles 6 and ¢ were also varied in order to
ensure the microwave signal at the receiving horn was not saturated.

Again noting the calibration technique used in reference 27: by using a homodyne
scheme in-phase and quadrature (I/Q) mixer, the total amplitude, U, of the output signal
from a microwave system was determined by using the formula: U = m . U was
then correlated via the two relations: U = AoV for a conductor and U = Agy(e — 1)wV
for a dielectric. This enabled the calculation of A in units of V f2/cm’. Once A was

determined for the system, the microwave response from the plasma was then used to

obtain the absolute electron density.

2.3.2 Results

The table below depicts the final series of calibration bullets which were used to set

the value of A for the MEDD.
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Bullet Bullet Bullet
Material | ¢ | 0 U f ® €0 € Length Radius Volume A
° e \4 Hz rad/sec | F/m m m m’ QV/em?

Teflon 90 | -28 0.120266 | 1.0580E+10 | 6.65E+10 | 8.8542E-12 | 2.1 0.011280 0.0015875 8.93072E-08 207.99
Teflon 90 | -28 0.096333 | 1.0580E+10 | 6.65E+10 | 8.8542E-12 | 2.1 0.011280 0.0015875 8.93072E-08 166.60
Teflon 90 | -28 0.102859 | 1.0580E+10 | 6.65E+10 8.8542E-12 | 2.1 0.011280 0.0015875 8.93072E-08 177.89
Teflon 90 | -28 0.111803 | 1.0580E+10 | 6.65E+10 | 8.8542E-12 | 2.1 0.011280 0.0015875 8.93072E-08 193.36
Teflon 90 | -28 0.154052 | 1.0580E+10 | 6.65E+10 | 8.8542E-12 | 2.1 0.011280 0.0015875 8.93072E-08 266.42
Teflon 90 | -28 0.158114 | 1.0580E+10 | 6.65E+10 8.8542E-12 | 2.1 0.011280 0.0015875 8.93072E-08 273.45
Average 214.29

TABLE 2.1 CALIBRATION BULLET DATA FOR MEDD
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CHAPTER 3 USMI SYSTEM SS-200 E/ ARGON-2

Several different experiments were conducted using the SS-200E/Argon-2

electrosurgical system developed by US Medical Innovations (USMI).
3.1 TEMPORAL EVOLUTION OF THE DISCHARGE

Electrosurgical systems are traditionally used for various surgical procedures for tissue
cutting and blood coagulation [28]. These systems utilize plasma discharges that have not
been studied fully. In this chapter we present a series of plasma images that illustrate the
temporal evolution of a discharge created by an electrosurgical device operating in the
coagulation mode and its behavior is analyzed.

Experiments were conducted using electrosurgical system SS-200E/Argon-2 by
USMIL. [39] The electrosurgical unit (ESU) was used in combination with Canady Vieira
Hybrid Plasma Scalpel. The SS-200E/Argon-2 was operated in the coagulation mode at
40 Watts of power, with 3 LPM of argon. The discharge voltage (Uy) and current (I4)
were measured using a high-voltage probe and a 100 Q shunt resistor respectively. Two
types of experiments were conducted, one with a biological tissue and a second with an
inorganic device which modeled the electrical properties of the tissue. In the experiments
with the biological tissue, fresh chicken liver samples were used. The ESU was operated
between the plasma scalpel and the liver, and electrical parameters of the discharge (Uqg
and I4) were measured. In the second experiment, the electrical parameters of the
discharges were measured along with simultaneous photographs. In this case, the ESU
was operated between the plasma scalpel and a device modeling biological tissue as

shown in Fig. 3.1a. The use of the biological tissue was eliminated in this type of
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experiment, since if the biological tissue was in place, the discharge was moving and
created a sufficient amount of smoke, which complicated the reproducibility of
photographs. Instead, the tissue was modeled by an apparatus comprised of two pieces of
metal separated by a small volume of water. One piece of metal rod was in contact with
the discharge [the rod shown on the right side of Fig. 3.1(a)], while the other piece was
connected to the ESU. The depth of the rod’s immersion in water determined the
electrical resistance of the device and was chosen in order to closely reproduce discharge
currents and voltages observed in the experiments with the fresh chicken liver.

An example waveform showing the temporal behavior of the discharge current and
voltage is shown in Fig. 3.1b (Ug4 shows the potential of the plasma scalpel with respect to
the metal rod). It was observed that the discharge voltages represent the sequence of
decaying harmonic high-voltage oscillations characterized by frequency of about 500
kHz, amplitude of about 1.5 kV, decay time of about 2us with a repetition time of about
20 ps. The discharge current reached values of up to 0.9 amperes. A series of photographs
taken with an ICCD camera (20 ns exposure time) with 200 ns time increments is shown
in of Fig. 3.1(c).

Let us now analyze the obtained results. One can see from Fig. 3.1(b) that the
discharge current had intervals of time during which 14=0 (e.g. from -0.2 to -0.15 ps,
from 0.5 to 0.6 ps, etc.). This indicates that, every half period of the driving high-voltage
the discharge was extinguished, when voltage becomes low, and then re-ignited again on
the next half period of the driving voltage. This behavior is typical for atmospheric
pressure conditions up to relatively high frequencies (10s and 100s of MHz) due to very

fast recombination [29]. The series of photographs shown in Fig. 3.1(c) indicate that
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re-ignition of the discharge had occurred near the instant cathode. Indeed, during time
interval 0-0.4 ps, the breakdown was accompanied by the appearance of a bright plasma
cloud which occurred near the metal rod (images B, C and D). This is in contrast with
t=0.6-1.2 ps, when it was near the plasma scalpel (images E thorough H). It should be
noted that the plasma column in the space between the electrodes was visually observed
during the discharge off-time intervals, in contrast with near-electrode plasma that
extinguished instantly due to the faster surface plasma recombination compared to that in

the volume.
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FIGURE 3.1 ICCD IMAGING OF USMI PLASMA SCALPEL
(a) Geometry of the discharge electrodes showing plasma scalpel (on the left) and

metal rod connected to the device mimicking electrical properties of biological tissue (on
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the right). (b) Discharge current (I4) and voltage (Ug) waveforms. Uy shows the potential
of the plasma scalpel with respect to the metal rod. (c) Series of photographs of the
discharge taken with an ICCD camera at 200 ns time increments (exposure time: 20 ns).

The discharge electrodes are indicated by the dashed lines.

3.2 ELECTRICAL DISCHARGE DURING ELECTROSURGERY

3.2.1 Introduction

Electro-surgery has been utilized for cutting and coagulating tissue for about 90 years.
[30,31] Electrosurgical coagulation has improved treatment of many gastrointestinal
diseases such as radiation proctitis, Barrett’s esophagus, gastric antral vascular ectasia,
and arteriovenous malformations. [2, 32-38] Additionally, it may decrease postoperative
swelling and inter-operative blood loss for other areas of the human body such as knee
joint replacement.

Electrosurgical Argon Plasma Coagulation (APC) utilizes plasma produced by
ionization of a few millimeters diameter argon flow exhausting into an ambient air from
an electrosurgical hand-piece. The intensity of treatment and effect induced in the living
tissue strongly depends on the plasma properties. [39] Such atmospheric pressure
micro-plasmas are difficult to study using conventional diagnostics. Microwave
interferometry operating in the GHz frequency range fails due to the small size of the
plasma compared to the microwave wavelengths causing diffraction and negligible phase
change. Electrostatic probes introduce very strong perturbations at insertion into the
plasmas and are associated with difficulties of interpretation at strongly-collisional

atmospheric conditions. [40,41]
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Recently, several methods for the measurement of parameters of atmospheric pressure
plasmas were proposed. Various spectroscopic techniques were suggested, namely
passive optical emission spectroscopy (OES), laser-induced fluorescence spectroscopy,
diode laser absorption spectroscopy and Rayleigh, Thomson and Raman scattering of
laser radiation on micro-plasmas. [42-49] These techniques are characterized by good
spatial resolution, down to 10-50 pm. They also offer minimal detectable values of
plasma density on the order of ~10" ¢cm™, but require great stability and repeatability of
the plasma discharge since they are based on averaging over large numbers of the
discharge events.

An alternative approach capable of detecting low plasma densities (down to 10''-10"?
cm™) at atmospheric pressure is Rayleigh scattering of microwave radiation on
micro-plasmas. [27] The concept of the method was first proposed theoretically by
Shneider, and then implemented experimentally in studies of laser-induced avalanche
ionization in air, resonance-enhanced multi-photon ionization in argon and non-thermal
atmospheric plasma jets. [27, 50-52] The method consists of measurements of radiation
scattered from micro-plasmas irradiated by microwaves in the GHz frequency range. In
the Rayleigh regime the electric field amplitude of the scattered wave is proportional to
total number of electrons in the micro-plasmas and thus the plasma density can be

determined if the plasma volume is known. [25]

3.2.2 Experimental Details

Electrosurgical system: The experiments were conducted using the electrosurgical
system SS-200E/Argon-2 in combination with electrosurgical Canady Vieira Hybrid
Plasma scalpel by USMI shown in Figure 3.2. The ESU was utilized in a range of power
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settings from 15 to 60 watts and 3 liters per minute (LPM) argon flow rate.

FIGURE 3.2 USMI ELECTROSURGICAL SYSTEM SS-200E/ARGON-2

Inorganic replica of the living tissue: Power produced by the ESU is delivered into
biological tissue by means of the argon plasma column producing an electrically
conductive channel between the electrosurgical hand-piece and the tissue. The photograph
of SS-200E/Argon-2 in operation in Argon Plasma Coagulation Mode (APC) mode with
fresh chicken liver sample is shown in Figure 3.3(a). The application of the ESU to the
tissue sample produced instantaneous tissue burning accompanied with smoke production
at the treated point [see Figure 3.3(a)]. The plasma column attachment to the tissue is
non-steady and characterized by fluctuations and motion of the plasma column around the
tissue.

To avoid problems with the non-reproducibility of the measurements, due to the
non-steady motion of the plasma column over the tissue, the experiments were conducted
using an inorganic replica of the tissue made of two metal electrodes separated by a water
gap [see insert in Figure 3.3 (b)]. A photograph of the ESU in operation in APC mode with

the inorganic replica is shown in Figure 3.3(b). It was observed that the discharge with the
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inorganic replica sample produced quasi-steady, immovable diffusive attachment to the
replica electrode tip as shown Figure 3.3(b). All measurements were conducted with the
separation between the replica electrode tip and the electrosurgical hand-piece tip of about
d=4.5 mm.

The water gap distance in the replica sample was adjusted to obtain the current and
voltage waveforms similar to that of the chicken liver tissue sample. The waveforms of the
voltage produced by the ESU (Uiy) and the discharge current (l4) were close for both
samples (peak voltage of about 2 kV and peak current of about 1 A for 60 W and 3 -

3.5 LPM) as shown in Figure 3.3.
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FIGURE 3.3 ESU IN APC MODE

The figure above shows the ESU in operation in Argon Plasma Coagulation mode,
electrical schematics/voltage waveforms of the discharge for ESU power 60 W and flow
rate of 3 — 3.5 LPM: (a) chicken liver sample, (b) inorganic replica. Similar voltage and
current waveforms indicate good agreement of the electrical properties of the tissue sample

with that of the inorganic replica.
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The details of the electrical schematics are shown in Figure 3.3. The electrical circuit
was as follows: ESU (Accessory port) = electrosurgical scalpel = tissue on patient
pad/replica = ESU (Patient port). Note, for experiments conducted with biological
samples, the tissue was placed on the standard patient pad, while in the case of the
inorganic replica no patient pad was used (see schematic in Figure 3.3). The Patient port of

the ESU was grounded in all experiments as shown in Figure 3.3.
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FIGURE 3.4 SCHEMATIC OF THE RMS SYSTEM

f

Oscilloscope

Microwave scattering diagnostics: The schematics of the Rayleigh Microwave System
(RMS) are presented in Figure 3.4. Linearly polarized microwave radiation, at 10.58 GHz,
was scattered on the collinearly oriented plasma channel and then the scattered signal was
measured. Microwaves were irradiated and detected using two horns shown in Figure 3.4.
The detection of the scattered signal was accomplished using a homodyne I/Q Mixer,

providing in-phase (1) and quadrature (Q) outputs. The total amplitude of the scattered
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microwave signal was determined asU,,, =+/1° +Q? . The amplifiers and the mixer used

in the microwave system operated in a linear mode for the entire range of scattered signal
amplitudes ensuring that the output signal Umw is proportional to the electric field
amplitude of scattered radiation E;s at the detection horn location: Uy < E.

A digital oscilloscope was used to record simultaneous signals for the microwave
system along with the electrical parameters of the discharge. In addition, the plasma

column was simultaneously photographed using an ICCD camera (Andor USB iStar).

3.2.3 Experimental Results

Figure 3.5 presents the waveforms of total voltage produced by the ESU (Ui) and the
discharge current (lg). One can see that the ESU produces a series of high voltage bursts
having peak amplitudes of about 1 kV and a repetition frequency of about 60 kHz which
are filled with sinusoidal oscillation at about 600 kHz. Two stages can be distinguished on
the operation cycle, namely active and inactive stage as indicated in the Figure 3.5 by the
darker and brighter gray bars, respectively. The active stage (t~0-4 us) is characterized by
the presence of non-zero discharge current spikes (l4 peak values up to 250-300 mA) and a
bright plasma column oscillating between the discharge electrodes as shown in the typical
discharge image in the Figure 3.5 (the image is taken at t=0 ps). The inactive stage (t~4-16
ps), is characterized by an absence of the discharge (1;=0) and dark inter-electrode gap.

The active discharge stage is shown in more details in Figure 3.6. It was observed that
the bright discharge column oscillates between the electrodes overlapping by turns left and
right discharge electrodes. One can see that the plasma column always overlaps the

electrode that is negative at this particular moment (instant cathode) - see images T1, T3
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and T4 in Figure 3.6. Time intervals in the vicinity of the zero voltages (Ui~0) were
associated with the presence of the plasma column strictly between the electrodes without

any electrode overlapping - see image T2 in Figure 3.6.
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FIGURE 3.5 TOTAL AC VOLTAGE AND DISCHARGE CURRENT

The total AC voltage (Uyy) and the discharge current (Ig) produced by the ESU
system for an input power of 15 Watts and an argon flow rate of 3 LPM. The
discharge-driving voltage represents a sequence of the high frequency, high voltage pulses.
The operation cycle has two stages: namely an active (t~0-4 ps, dark gray bar) and an
inactive stage (t~4-16 us, light gray bar). Typical photographs of each stage are presented

for time moments t=0 and 9.8 us respectively (exposure time 20 ns).
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The total AC voltage produced by the ESU (Uyot) represents the sum of the discharge
voltage (Ug) and voltage drop on the replica/tissue sample (Usample): Utot = Ug+Usample. Ud
was determined by subtracting the measured voltage at the surgical probe from those at the
replica electrode. Waveforms of the discharge voltage and current are shown in Figure 3.7.
One can see that the breakdown occurred at about 1.2 kV and after that the discharge

voltage was generally in the range of ~ 300-400 V.
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FIGURE 3.6 TEMPORAL EVOLUTION OF DISCHARGE VOLTAGE

The temporal evolution of the discharge voltage (Ug) and the discharge current (I4) of
the electrosurgical system SS-200E/Argon-2 for input power of 15Watts and argon flow
rate of 3 LPM is shown above. Photographs of the inter-electrode gap at different moments

of time, T1-T4, are shown on the right.
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FIGURE 3.7 DISCHARGE VOLTAGE AND CURRENT FOR 60 WATTS

The size of the plasma channel and area of its attachment to the discharge electrodes
were determined from the ICCD camera images and summarized in Table 3.1. The length
of the plasma column coincided with the size of the inter-electrode gap. Again, noting that
the plasma column length was about 4.5 mm. The diameter of the discharge column was
about 0.3 mm and slightly increased with ESU power. The area of the attachment to the
instant cathode was measured from the observed illuminated part of the cathode surface at
the moment of maximum discharge current (see images T1 and T2 in Figure 3.6). For the
replica electrode, the moment of the |y peak was at the 1st positive half-wave and for the

surgical probe, the lg peak at 1st negative half-wave.
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P=15W P=40W P=60W
Cross-sectional area of positive column, cm? 7-10" 103 10°
Area of attachment to the replica electrode, cm? 1.6-10% | 6.3-107 10"
Area of attachment to the surgical probe, cm® 2.510% | 6.6:102 | 8-102

TABLE 3.1 CROSS-SECTIONAL AREA OF POSITIVE COLUMN AND AREAS OF ATTACHMENT
TO INSTANT CATHODES

The attachment areas to the instant cathodes were measured at the moment of the
corresponding discharge current peaks (for the cathode at replica electrode — I4 peak at 1st
positive half-wave and for the cathode at the surgical probe - Iy peak at 1st negative
half-wave). The ESU argon flow rate was fixed at 3 LPM.

The temporal evolution of the average plasma density and electric field in the
inter-electrode column measured using the RMS system is shown in Figure 3.8. One can
see that peak values of the electric field in the plasma channel and plasma density reached
about 350 V/cm and 810" cm™ respectively at an ESU input power of 15 Watts.
Dependence of the maximum electron plasma density on ESU power output is shown in

Figure 3.9. n; increased with ESU power reaching about (0.9-1)-10'° cm™ for 60 Watts.
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FIGURE 3.8 TEMPORAL EVOLUTIONS

Figure 3.8 shows the temporal evolutions of the electric field, collisional frequency,
plasma conductivity and plasma density in the positive column produced by the
electrosurgical system SS-200E/Argon-2 at input power of 15 Watts and an argon flow rate

of 3 LPM.
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FIGURE 3.9 MAXIMAL ELECTRON DENSITY VERSUS POWER

3.2.4 Discussion

Let us now discuss the evolution of the plasma parameters in the positive column and
in the near-electrode sheath. The experimental data indicates that the discharge was not
continuous during the active stage. Instead, it was interrupted every instance of the
discharge-driving voltage crossing zero (Ui~0) and re-ignited again on the next voltage
half-wave (see Figure 3.6 showing that the moments of zero voltage were accompanied by
sub-microsecond, quiescent intervals when the discharge current is near zero).

Temporal behavior. In order to analyze the nature of the discharge interruptions, it is
important to discuss plasma decay rates. When the discharge driving voltage is changing
polarity and the cathode switches to another electrode, the sheath formed near the “old”
cathode starts to decay. Photographing of the discharge shows an almost instantaneous

termination of the cathode sheath when the discharge driving voltage crosses the zero
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(compare images T1 and T2 in Figure 3.6), which can be explained by fast surface plasma
recombination. [53] Instant sheath termination causes the discharge current to remain low
at the beginning of every next half-wave, until the discharge-driving voltage reaches
breakdown voltage (about Vpr ~300 V), and breakdown occurs again. The breakdown
restores the cathode sheath near the “new” cathode and causes the observed peak in the
discharge current (see Figure 3.6). [53,29] The discharge lasts until the discharge driving
voltage changes sign again and the process repeats itself. When the amplitude of the Uy
oscillations decreases to below 300 V (starting at the 6™ half cycle in Figure 3.5), no further
breakdown is possible. This indicates the start of the inactive stage lasting for about z~12
us (light gray bar in Figure 3.5), when the plasma is decaying.

The positive column also experiences significant decay during the discharge
interruptions as one can see from the direct measurements of the inter-electrode plasma
density shown in Figure 3.8. Estimations (using typical electron-ion recombination
coefficient of ~107 cm’/s) [53] and experiments indicate that n. decays to ~10" cm™
during the discharge interruption. This lasts for about a fraction of a microsecond when the
discharge driving voltage is changing sign. The remaining plasma causes a glow in the gap
shown in the photographs in Figure 3.6 during the discharge interruptions in contrast with
almost instant termination of the glow around the cathode. It is interesting to note that, in
contrast with plasma density, the conductivity of the plasma channel does not reduce
significantly during the discharge interruptions (see Figure 3.8). This is related to the
simultaneous decrease of electron collisional frequency around the zeros of Uis when the

electric field in the column is crossing zero (see Figure 3.8).
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Therefore, the discharge produced by the electrosurgical system SS-200/Argon 2
represents an AC discharge as opposed to an RF discharge, where near electrode plasma
sheaths are permanent and does not decay significantly over the period of oscillation.
[53,29] The discharge is governed by an instant value of the applied AC voltage and the
amount of plasma remaining after last breakdown event. The discharge interrupts every
time the discharge voltage changes sign due to decay of the near-cathode sheath and
re-ignites again on the next voltage half-wave in the vicinity of the “new cathode", when
voltage increases above the breakdown threshold and a cathode sheath is formed near the
“new cathode” again.

Near-cathode sheath and positive column. Let us now discuss some parameters of
the cathode sheath determined in this work. As shown in Figure 3.6, the discharge
re-ignites at around Vi, ~300 V, which corresponds to a well-known minimum voltage
required for self-sustained DC discharges (minimum breakdown voltage of Paschen
curve). [53] The current density at the instant cathode was in the range of 10-20 A/em?’ on
the stainless steel replica electrode and 5-10 A/cm” on tungsten surgical probe electrode as
show in Figure 3.10 (based on measured |4 and area of attachment shown in Table 3.1).
These current densities are close to the previously measured, normal current densities in
glow discharges. [53] The depth of the cathode sheath can now be estimated from the

Paschen curve minimum (using (p-d)min=1 cm-Torr for argon) yielding a cathode sheath

thickness of de=10 pm. [53]
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FIGURE 3.10 CURRENT DENSITIES AT CATHODE AND IN POSITIVE COLUMN

Note, higher breakdown voltage on the order of ~1 kV was observed at the first high
voltage oscillation compared to that on the following cycles when breakdown happens
around Paschen’s curve minimum ~300 V (see t~0 in Figure 3.6 and Figure 3.7). This can
be explained as follows: this is caused by the fact that for the first oscillation, the entire gap
has to breakdown, while on the following half-waves, a well-conducting plasma channel
remains after the discharge interruption (see conductivity waveform in Figure 3.8) and
only the near-cathode sheath needs to breakdown.

Visual observations indicate that the attachment of the discharge channel to the living
tissue sample may differ from the quasi-steady, diffusive attachment observed at the
surgical probe. Instead, the attachment of the plasma column to the tissue was non-steady,
accompanied by random motion over the tissue and the plasma column at the point of the
contact with the tissue was contracted. It should be noted that the case of the non-steady
contracted attachment can be mimicked with the replica at low ESU powers and flow rates.

Visual observations of the attachment to the replica electrode indicate that a decrease of
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power and/or flow rate causes sporadic transitions from quasi-steady, diffusive to
non-steady, contracted attachment. This transition is captured in Figure 3.11 for an ESU
power of 20 Watts and an argon flow rate of 2.5 LPM. It was observed that the transition to
the non-steady, constricted attachment was accompanied by an abrupt increase of Ig and a

decrease of Uy <100V which indicates transition to arc.
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FIGURE 3.11 DISCHARGE VOLTAGE AND CURRENT WAVEFORMS

The discharge voltage and current waveforms indicate sporadic transition between
modes with steady and non-steady attachment to the cathode on the positive half-wave
(ESU power of 20 Watts and argon flow rate of 2.5 LPM). The experiments indicate that
the current density and electrical conductivities in the positive column were up to 10°
A/em” and (1-2) Ohm™em™, respectively. These values of current density significantly
exceed normal current densities of glow discharges and, along with the high measured

-3

values of plasma density in the channel ne~10'® cm™, are typical for contracted

(filament-like) positive columns. [53]
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3.2.5 Conclusions

The discharge produced by the electrosurgical system SS-200E/Argon 2 was
studied experimentally. The plasma density was measured in the range of (7.5-9.5)-10"
cm” for applied powers of 15-60 Watts. The discharge can be classified as a glow
discharge of alternating current with a contracted positive column. The discharge ignites
every half-wave of the driving voltage when voltage increases above the breakdown
threshold and is interrupted at the end of each half-wave when voltage approaches zero.

For nearly 75% of the lifecycle of the discharge (12 ps), plasma does not exist. This
is in contrast to 25% of the time (4 ps) when plasma does exist in the channel. If the
SS-200E/Argon-2 unit can be modified to keep the voltage above the breakdown voltage
(Vor ~300V) for a longer period of time, greater coagulation may be achievable.
Additionally, it should be noted that the plasma sheath can be seen on the instantaneous
cathode of the target during the positive half-wave of the voltage. During the negative
half-wave, the sheath surrounds the plasma scalpel. If the time period of the positive
half-wave can be maximized, while minimizing the time period of the negative half-wave,
coagulation may also be improved. We will now explore the power that is delivered to the

plasma versus the input power of the device.

3.3 POWER IN THE PLASMA

The next series of experiments were designed to help determine the amount of power
that is delivered to the plasma. In order to accomplish this, a three-part experiment was
devised. The first part measured the response of the plasma scalpel under various

resistance loads. This data was then used to determine the typical operating range of the
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plasma scalpel. The second part of the experiment had the intent of determining the
typical response of the plasma scalpel when discharging into a tissue sample. As before,
chicken liver was used as the experimental tissue. The third part of the experiment used
the chicken liver replica to determine the amount of power which is going to the plasma

versus the input power. The remaining power would be lost to the atmosphere.

3.3.1 Experimental Set-up

The first part of the experiment used various resistors in order to capture the response

of the plasma scalpel. A heat sink was fabricated and various resistors were purchased for

the experiment. Figure 3.13 depicts the set-up of the first experiment.

FIGURE 3.12 PLASMA SCALPEL CONNECTED TO HEAT SINK
The high voltage cable from the argon plasma scalpel was hard-wired directly onto the
resistor. The resistor was grounded to the patient ground device for the USMI
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electrosurgical system SS-200E/Argon 2 shown in Figure 3.2. The following resistances
were used: 0.2k, 0.5k, 1k, 2k, 5k, 10k, 20k, 30k, and 40k ohms. The input power was
varied between 40 Watts, 60 Watts, and 80 Watts. Figures 3.13 through 3.15 show the

power curve of the Canady Vieira Hybrid Plasma Scalpel under each of these varying

conditions.
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FIGURE 3.13 PLASMA SCALPEL POWER CURVE FOR 40 WATT INPUT POWER

It should be noted that at the expected resistance of 1,000 ohms, the actual power
reading was 42.17 Watts. The maximum power observed was at 200 ohm resistance,
which was 52.05 Watts. The minimum power observed was at 40,000 ohm resistance,

which was 10.44 Watts.
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FIGURE 3.14 PLASMA SCALPEL POWER CURVE FOR 60 WATT INPUT POWER
At the expected resistance of 1,000 ohms, the actual power reading was 63.41 Watts.
The maximum power observed was at 200 ohm resistance, which corresponded to 70.26

Watts. The minimum power observed was at 40k ohm resistance, which was 12.48 Watts.
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FIGURE 3.15 PLASMA SCALPEL POWER CURVE FOR 80 WATT INPUT POWER

At the expected resistance of 1,000 ohms, the actual power reading was 74.92 Watts.
The maximum power observed was at 200 ohm resistance, which was 107.69 Watts. The
minimum power observed was at 40k ohm resistance, which was 16.92 Watts.

It can be seen that each of the power curves were similar. The experiment verified that

at the expected resistance of 1k ohms, the actual power observed was within 6.25% of the

advertised input power of the system.

The second experiment verified the resistance of the chicken liver samples under the
various power settings and at varying distances. The distances used were 3mm, 6mm, and
9mm. For the 40 Watt setting, readings could not be taken at 9mm due to insufficient

power in the plasma. 40 Watts of power was not strong enough to sustain a plasma of

9mm length.
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FIGURE 3.16 TISSUE RESISTANCE EXPERIMENTAL SET-UP

Figure 3.16 depicts a chicken liver sample placed on a conductive patient pad. A high
voltage probe is attached directly to the Canady Vieira Hybrid Plasma Scalpel. It can also
be seen that the voltage is being read across a 10 ohm shunt resistor in between the

patient pad and the patient ground.
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FIGURE 3.17 TISSUE RESISTANCE EXPERIMENT EXAMPLE PHOTOGRAPH

Figure 3.17 depicts a typical example of the plasma being discharged into the chicken
liver sample. For clarity of the photograph, the high voltage probe is not connected to the
plasma scalpel in this image. Readings were taken at 3mm, 6mm, and 9mm for 60 Watts
and 80 Watts. Readings were only taken at 3mm and 6mm for 40 Watts of input power as
previously noted, since the plasma was not strong enough to maintain stability at 9mm

for the lower input power setting.
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Input

Power Distance | Resistance

Watts mm Ohms
40 3 940
40 6 1189
60 3 604
60 6 652
60 9 845
80 3 787
80 6 889
80 9 997

Average 863

TABLE 3.2 MEASURED RESISTANCES OF CHICKEN LIVER SAMPLES AT VARIOUS INPUT
POWER SETTINGS AND DISTANCES

The expected resistance was 1,000 ohms for the chicken liver samples. The data in
Table 3.2 shows that the actual resistance varied from 604 ohms to 1,189 ohms. The
average resistance was 863 ohms, which is a variance of 13.7% from the expected
resistance. This data, in concert with Figure 3.13 — 3.15 can be used to determine the
actual power output of the plasma needle based on the input power settings of the device.
For a 40 Watt input power setting, the actual power output (corresponding to 1,064 ohms)
would be expected to be close to 42 Watts (slightly less than 42.17 Watts). For a 60 Watt
input power setting, the expected power out would be around 65 Watts (corresponding to
700 ohms). Lastly, for 80 Watts of input power, the expected actual power output would

be 76 Watts (corresponding to the average of 891 ohms).
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FIGURE 3.18 INORGANIC TISSUE REPLACEMENT DEVICE PHOTOGRAPH

For the third part of the experiment, the apparatus described in the previous section
was used (see Figure 3.18). Again, a high voltage probe was used to measure the high
voltage connection on the plasma scalpel. Additionally, another high voltage probe was
used to measure the voltage across the inorganic replica. These two voltages along with
the current across the shunt resistor leading to the patient ground were used to calculate
the output power and the power in the plasma. In order to keep stable plasmas throughout

the experiments, readings were taken at 3mm, 4.5mm and 6mm.

3.3.2 Results

It can be seen in Table 3.3 that the overall average power that is in the plasma ranges
from 31.22% for 40 Watts of input power to 40.06% for 80 Watts of input power. The
overall average power in the plasma is 35.08%.
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Input Power Distance Power Average Total Power Average Tissue | Power Average Plasma Percent of Power in Plasma

Watts mm Watts Watts Watts
40 3 37.09 26.56 10.53 28.39%
40 4.5 33.36 22.42 10.94 32.79%
40 6 33.2 22.31 10.89 32.80%
40 Average 34.55 23.763 10.79 31.22%
60 3 74.76 49.95 24.81 33.19%
60 4.5 54.39 32.26 22.13 40.69%
60 6 69.93 51.81 18.12 25.91%
60 Average 66.36 44.67 21.69 32.68%
80 3 96 63.55 32.46 33.81%
80 4.5 82.47 37.79 44.68 54.18%
80 6 92.84 61.3 31.54 33.97%
80 Average 90.44 54.21 36.23 40.06%

All Average 63.78 40.88 22.9 35.08%

TABLE 3.3 POWER IN THE PLASMA
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3.4 CAP MICROWAVE DIAGNOSTIC

The next experiment was designed as a proof-of-concept for the utilization of the
MEDD on a small-scale CAP. Details of the CAP device can be found in reference 27.

100% helium was used as the carrier gas for the device and experiments were performed

at 11 LPM.

3.4.1 Oscilloscope Data

Tek  JL. A Rea M Pos: 1,100, us CH3
Coing

BY Limit

oihbe

Volts/Div

Probe
1000X
Yoltage

Invert
1t

. CH2 S00mY M100ps Ext/S / 400mY
CH3 200k¥ CH4 5.00V 23-Sep-13 16:02 <10Hz

FIGURE 3.19 OSCILLOSCOPE DATA FOR 100% HELIUM CAPAT 11 LPM
Channel 1 and 2 of the data above represents the microwave response to the plasma.

Channel 3 was measured from a HV probe and Channel 4 was used to measure the

discharge current.
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3.4.2 Plasma Bullet

The plasma bullet was measured using an ICCD (Andor iStar) over a 40 ns exposure

time. The bullet position of the plasma bullet was used to calculate the electron density.

FIGURE 3.20 PLASMA BULLET

The plasma bullet location corresponds with one centimeter length of the plasma.
Calculations of the plasma density were performed in accordance with the literature. [27]
It can be seen in the following graph that the maximum discharge current was on the
order of 13 mA. Maximum electron density lags the maximum discharge current by about

3.5 ps.
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Discharge Current versus Electron Density
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FIGURE 3.21 DISCHARGE CURRENT VERSUS ELECTRON DENSITY

The MEDD was successfully used to obtain the microwave response of a small scale
CAP. It is believed that this device can be used successfully in the future to analyze
various types of plasmas at a small scale that are difficult to measure using other
methods. The MEDD also has the advantage of analyzing individual plasma lifecycles, as
opposed to other methods which obtain averages over entire lifecycles. This provides a

more detailed observation of the electron density fluctuations during each event.
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CHAPTER 4 SIMULATION OF COLD ATMOSPHERIC PLASMA

4.1 OVERREVIEW OF CAP SIMULATIONS

In 2005, Brok et al. employed a two-dimensional, time-dependent fluid model to
describe a plasma needle. The group found that even at small mixtures of less than 0.1%
nitrogen, N>~ became the dominant ion. The group also found the maximum electron
density to be 3 x 10" ¢cm™. In all, six species were modeled via thirteen reactions. The
electron energy close to the needle was calculated to be 8 eV and dropped quickly to
below 1.5 eV at a distance of 0.5mm away from the needle. The group modeled six
species: electrons (¢), helium atom metastable (He), singly charged helium ion (He"),
helium molecule metastable (He; ), helium molecular ion (He,"), and nitrogen molecular
ion (N,"). Of the six species modeled, only N, and electrons were anticipated relatively
far from the needle tip due to their relatively low recombination rates. In the region close
to the tip, the electric field was highest and the electron energy gained in this field was
mainly lost in the production of He". This energy was eventually transferred to N, via
mostly Penning ionization. Some energy was also lost to He, . For the remaining N," ions,
the main loss process was through ambipolar diffusion outward of the plasma. As would
be expected, higher input powers led to higher electron densities and produced a more
elongated plasma. The group also noted that higher electric field results in a higher
ionization rates and more power dissipation. It should also be noted that the electric field
confined electrons close to the needle. Outside of the region, the current was attributed to

ions. [59]
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In 2006, Sakiyama and Graves modeled a radio frequency (RF)-excited plasma needle
via a two-dimensional, axisymmetric numerical simulation. The group also used thirteen
primary reactions via the simulations. Results were presented for four different phases in
the power cycle. Each showed similar results, that nitrogen molecule ions and electrons
were present further from the needle, with other species existing close to the plasma
needle. It is interesting to note that at certain phases of the RF cycle, electrons moved
towards the needle. This corresponded to times when the external voltage increased from
negative to positive. In contrast, the densities of the ions and metastables remained
almost unchanged. The density of He* was predicted to be the highest, due to the high
excitation rate from electron impact of ground state helium. In addition, since the
Penning ionization reaction is fast, the lifetime of He* is short and confined to a region
close to the needle tip. [60]

Sakiyama and Graves performed a one-dimensional simulation of an atmospheric
pressure RF-excited plasma in 2007. The group again modeled the same species as
described above, with thirteen primary reactions. Near the inner electrode, the mean
electron energy was calculated to be 20 eV during the glow mode. This high value was
attributed to electron Joule heating enhanced by the electric field. Also in the glow mode,
the mean electron temperature was calculated to be 10 eV during the local cathodic phase
near the outer electrode. [61]

In 2008, Park et al modeled atmospheric pressure glow discharges (APGDs) using
twelve species and 49 reactions for He/O, plasmas. The group also modeled ten species
and ten reactions for Ar/O, plasmas. The goal of the study was to calculate the densities

of the species as well as the electron temperature. The species modeled for an He/O,
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plasma were: electrons (e), helium ions (He"), excited helium atoms (He"), dimer helium
ions (He,"), excited dimer helium (He,)), positive oxygen molecule ions (O,"), excited
oxygen molecules (OzlAg), ozone (O3), ground state oxygen (O3P), positive oxygen ions
(O"), negative oxygen ions (O"), and excited oxygen atoms (O'D). For an Ar/O; plasma,
species included argon ions (Ar"), excited argon atoms (Ar ), electrons (¢), as well as the
oxygen species. As with most other simulations, the gas temperature was fixed at 300K
and gas heating due to collisions among feeding gases and other species was neglected.
Even at a relatively low (1%) concentration of oxygen added to the feed gas, the most
dominant species were atomic oxygen (O) and excited oxygen molecules (OzlAg).
Interestingly, it was found that the densities of atomic oxygen and electrons in He/O, are
slightly larger than those found in Ar/O, plasmas. The model predicted that electrons
dissipated more than 90% of the absorbed power through collisions with oxygen
molecules and the dissipated power through collisions with helium or argon was found to
be less than 10%. As input power was increased, electron densities also increased but
Ar/O; plasmas had higher electron densities than He/O, plasmas. The group theorized
that this was due to the lower first ionization threshold energies for argon versus helium.
Interestingly, as input power was increased, electron temperature in both plasmas
decreased at first, then increased. The range for electron temperatures was about 1.3 eV
to 1.6 eV for Ar/O; plasmas and 1.6eV to 1.85 eV for He/O, plasmas. Generally speaking,
the model predicted higher densities of atomic oxygen, ozone, and metastable oxygen
atom than electron densities. Based on the input power, the electron density ranged from
2 x 10® em™ to 2 x 10" ¢cm™. By way of comparison, atomic oxygen densities were

predicted to range from about 1x10" cm™ to 6x10'® cm™. Also, as the percentage of input
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oxygen was increased, the densities of atomic oxygen and ozone increased, but the
density of metastable oxygen atom decreased. [62]

Sakiyama et al used a one-way coupled model of neutral gas flow and plasma
dynamics to explain the ring-shaped “plasma bullets”. The group modeled the
background air as purely nitrogen. Again, six species and thirteen elementary reactions
were modeled. The simulation predicted that the diameter of the plasma bullet decreased
as it propagated away from the exit tube. This is consistent with experimental data. The
group summarized that air diffusion against helium convection created the ring-shaped
emission profile. [63]

Liu et al developed a zero-dimensional model with 21 species and 267 reactions and
then used the results to propose simplified models which will use less computational time.
The group found that 13 species and 24 reactions were sufficient to capture the main
chemistry of the discharge when the oxygen concentration is between 1 and 10 parts per
million (ppm), 17 species and 41 reactions are needed when the oxygen concentration is
between 10 ppm and 5,000 ppm, and 15 species and 50 reactions are necessary when
oxygen concentration is between 0.5% and 10%. The simplified models provided results
that were within 20% of the results obtained with the detailed model. [64]

Nadis created a two-dimensional numerical simulation for a positive streamer
propagating in an atmospheric-pressure helium jet. Though the model did not incorporate
plasma chemistry, it showed that two main types of streamer structures are possible: one
with maxima of electric field and electron number density at the jet axis and another with
maxima of these parameters near the boundary between the helium and the surrounding

air. The first structure correlates with a jet radius that is sufficiently large and the initial
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electron density is maximal at the streamer axis. The second structure, similar to plasma
jets, is formed at small jet radii and/or ring-shaped profiles of the initial electron densities.
Of particular interest was the electric field: for larger radii, the maximum E is on the
order of 30 kV/cm, whereas for smaller radii, it is on the order of 15 — 20 kV/cm.
Furthermore, the streamer velocity was calculated to be about 107 cm/s. [65]

Yang et al used a one-dimensional fluid model which contained 17 species and 60 key
reactions. Unlike other models, the group modeled the gas temperature at 350K. The
plasma modeled was at a He/O, concentration of 0.5% oxygen. The main cation was
found to be O," and the main anion was found to be Os". The plasma density was found to
be on the order of 10" cm™. [66]

In 2011, Nadis developed a two-dimensional axially symmetric streamer model, which
took into account the variation of the helium to air mixture inside of the jet in both the
axial and radial directions. Thirteen reactions were modeled and included excited helium
atoms (He'), helium eximer molecules (He, ) and excited nitrogen (N,"). The model
simulated a helium jet with an internal diameter of 3mm and a gas flow rate of 7 liters per
minute. The streamer front, or position of the maximum electric field, was found to move
at an average of 10’ centimeters per second. This is in agreement with experimental
results. Additionally, Nadis showed that the distribution of the electron number density
and nitrogen molecules (C’7) changed along the z direction, or propagation direction of
the plasma. The radius decreases as z increases, meaning that further along the plasma,
the plasma bullet decreases (ring-shape decreases). Nadis further showed that this
distance nearly corresponds to the position where the air molar fraction is equal to 107.

Nadis also showed that the role of Penning ionization has an effect, but is not crucial to
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the results. [67]
4.2 NUMERICAL MODEL AND IMPLEMENTATION

Our model, developed by Brieda [70], uses the streamer concept proposed by Dawson
[7] . The jet consists of a plasma column that initially is charge-neutral terminating in a
positive head that contains 3x10° positive ions. Photoionization produces a single
electron at a location that corresponds to a reduced electric field of E/p = 30 v/cm Torr.

The electron begins moving towards the positive head due to the self-imposed electric
field. Along the way, the electron gains energy and begins ionizing background gas. An
electron avalanche ensues. The velocity of the electron front can be calculated as vg = pE.
The time of flight is related to the axial position by t = z / v4. A radial coordinate system,
centered on the electron head is used. [70]

The radial distribution of the flow constituents is computed from one dimensional

continuity and mass conservation (the drift-diffusion approach):

on;
with
Fi =+ W ny E— DIV n; (4.2)

where S; it the total production rate of species i. The general form of this term is

Si = XjNag) Np) K; 4.3)
Where n, and ny, are the reactants in the jth chemical reaction and k; is the production

rate. Additionally, p; is the species mobility, n; is the species density, E is the electric field,

D; is the species diffusion coefficient.

The electric field is calculated from the Poisson equation:

Vo= —2iqin; 4.4)
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The governing equation 4.5 is solved using the finite difference method.
Si =2+ (E, Vn; +n,VE) - D; V?n, (4.5)
A mixed implicit-explicit scheme was implemented. A second order implicit

Crank-Nicholson method is used for n terms, but first-order forward Euler scheme is used

to integrate the source term. The resulting equation is:

At At
1+ 2 M|t = ats; + [1- S M| nk (4.6)
with
M = y; [diag(GE,) + (E,]).x G] — D;L (4.7)

where G and L are the gradient and Laplacian matrices, V and V2, respectively. In our
formulation, sgn(p) = sgn (q;). In this simulation, we analyzed the radial distribution of
the species along a radial cut of the beam. Axial and azimuthal symmetry was assumed,
reducing the problem to one dimension. The radius of the helium beam 1, was 0.5mm,
and the domain extended to 6ry,.

The boundary conditions for the potential were ¢p =0V onr=0 and d¢p/dt=0onr =
max- The boundary conditions for all species with the exception of electrons, helium,
oxygen molecule, and nitrogen molecule were: an/dr =0 atr = 0 and n = 0 at r = Iryyyx.
For helium molecule, n = 1 x 10" at r = 0 and @n/dr = 0 at 1 = 1. For electrons, n =1 x
10" at r = 0 and @n/dr = 0 at = ry,,. For nitrogen molecule, dn/0r =0 atr =0 and n =
245x10% atr = 'max- FOr oxygen molecule, @n/dr =0 atr=0and n=5.145 x 10** atr =

rmax- 1he following is a list of reactions and rates used in the model.
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# | Reaction Rate # | Reaction Rate

1| He+e->He*+e 1.3e-14*ee.N-1.7 . *exp(-60./ee) 21 | 0O*+02->0+02* (((2.56*107-11)*exp(67/Tg))/(1e6))

2 | He+e->He++2e 2.1e-7*ee.N-3.8.*¥exp(-130./ee) 22 | 0O-+02->03+e (((5%107-15)*(Tg/300)*0.5)/(1e6))

3 | He* + e ->He+ + 2e 7.1e-12*ee.-0.9.*exp(-17./ee) 23 | 0-+02*->03 +e (((3*107-10)*(Tg/300)"0.5)/(1e6))

4 | He* + 2He -> He2* + He -2.00E-46 24 | 0-+02*->02+0+e (((6.9%107-10)*(Tg/300)"0.5)/(1e6))

5 | He+ + 2He -> He2+ + He 1.10E-43 25 | e+ O+->0(1D) (((5.3*107-13)*Te”-0.5)/(1e6))

6 | e+ He+->He* ((6.76*10-13)*Te”-0.5)/(1e6) 26 | e+ 02+->0 +0(1D) (((8.88*101-9)*Ten-0.7)/(1e6))

7 | 2He* -> He2+ + e 1.50E-15 27 | e+ 02+->20(1D) (((6.87*101-9)*Ten-0.7)/(1e6))

8 | 2He2* -> He2+ + 2He + e 1.50E-15 28 | 2e+0+->0+e (((5.12*107-27)*Te”-4.5)/(1e12))

9 | He2+ + e ->He* + He 8.9e-15*(Te/Tg2).~-1.5 29 | 2e+02+->02+e (((7.18*107-38)*Te”-4.5)/(1e12))
10 | He* + N2 -> N2+ +He +e 5.00E-17 30 | e+ He++He->He*+He (((7.4*107-35)*(Te/Tg)"-2))/(1e12)
11 | He2* + N2 -> N2+ + 2He + e | 3.00E-17 31 | e+He2++He->He* +2He | ((3.5%107-27)/(1e12))

12 | He2+ + N2 -> N2+ + He2* 1.40E-15 32 | e+ He2++He->He2* + He | (1.5*%107-27)/(1e12)

13 | N2+ +e->N2 (2e-7)/(1e6) 33| e+0++02->0+02 (((2.49*107-29)*TeA-1.5)/(1e12))

14 | e+0O-->0+2e ((2*ee - 7*exp(-5.5/Te))/(1e6)) 34 | e+ 0O++He->0+He (((6.45*107-31)*Te”-2.5)/(1e12))

15| e+02+->20 (((1.2*107-8)*Te”-0.7)/(1e6)) 35 | e+ He2* ->e + 2He (3.8e-9)/(1eb)

16 | 2e + He2+ ->He*+He+e | (2.8%107-20)/(1e12) 36 | e + He+ -> He* ((6.76*10-13)*Te”-0.5)/(1e6)

17 | 2e + He2+ -> He2* + e (1.2*¥107-21)/(1e12) 37 | e+ 02++02->202 (((2.49*107-29)*Ten-1.5)/(1e12))

18 | 0-+0->e+02 ((1.3e-9)/(1e6)) 38 | e+0+02->0-+02 ((1.0*107-31)/(1e12))

19| 0-+0+->20 (((2*107-7)*(Tg/300)A-1)/(1e6)) 39 | e + O +He -> O- + He ((1.0*107-31)/(1e12))

20| 0O(1S)+0->20 (((3.33*107-11)*exp(-300/Tg))/(1e6)) | 40 | e + 02+ 02 -> 02- + 02 (((2.26*107-30)*(Tg/300)-0.5)/(1e12))

TABLE 4.1 REACTIONS AND RATES
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#

Reaction

Rate

Reaction

Rate

41 | He+ +0-->0+He (((2*107-7)*(Tg/300)A-1)/(1e6)) 61 | 02-+02(b)->202 +e ((3.6*107-10)/(1e6))

42 | He+ +02-->02 + He (((2*107-7)*(Tg/300)7-1)/(1e6)) 62 | He+ + 2He -> He2+ + He ((1.4*107-31)*(Tg/300)7-0.6)/(1e12)
43 | He2++ 0-->0 + 2He ((1*107-7)/(1e6)) 63 | He+ + 0 -> O+ + He (((5*107-11)*(Tg/300)"0.5)/(1e6))
44 | O++0-->0+0(1D) (((4.9%107-10)*(Tg/300)7-0.5)/(1e6)) 64 | He+ + O(1D) -> O+ + He (((5*107-11)*(Tg/300)10.5)/(1e6))
45 | O++02-->02+0 (((2.7*107-7)*(Tg/300)"-0.5)/(1e6)) 65 | He+ + O(1S) -> O+ + He (((5%107-11)*(Tg/300)*0.5)/(1e6))
46| 02++0-->02+0 (((2.7*107-7)*(Tg/300)*-0.5)/(1e6)) 66 | He+ + 02 -> O+ + O + He (((1.07*107-9)*(Tg/300)0.5)/(1e6))
47 | 02+ + 02-->202 (((2*107-7)*(Tg/300)A-0.5)/(1e6)) 67 | He+ + 02 -> 02+ + He (((3.3*107-11)*(Tg/300)*0.5)/(1e6))
48 | 02++02-->02 +20 (((1.01*107-7)*(Tg/300)7-0.5)/(1e6)) 68 | Het+ + 02(a) -> 0+ + O+ He | (((1.07*107-9)*(Tg/300)*0.5)/(1e6))
49 | O-+He->He+0O+e (((2.5*107-18)*(Tg/300)"0.6)/(1e6)) 69 | He++02(a)-> 02+ + He (((3.3*107-11)*(Tg/300)"0.5)/(1e6))
50| O-+He*->O+He+e ((3*107-10)/(1e6)) 70 | He+ + 03 -> 0+ + 02 + He (((1.07*107-9)*(Tg/300)"0.5)/(1e6))
51 | O-+He2* >0 +2He +e ((3*107-10)/(1e6)) 71| He2++0->0++2He (((1*107-9)*(Tg/300)10.5)/(1e6))

52 0-+0->02+e (((2*107-10)*(Tg/300)*0.5)/(1e6)) 72 | He2+ + O(1D) -> O+ + 2He (((1*107-9)*(Tg/300)"0.5)/(1e6))

53 | 0-+0(1D) ->20 +e ((1*107-10)/(1e6)) 73 | He2+ + O(1S) -> O+ + 2He (((1*107-9)*(Tg/300)A0.5)/(1e6))

54 | O-+0(1S)->20 +e ((1*107-10)/(1e6)) 74 | He2++ 02 -> O+ + 2He (((1*107-9)*(Tg/300)0.5)/(1e6))

55 | 0-+03->202+e (((3.01*107-10)*(Tg/300)40.5)/(1e6)) | 75 | He2++ 02(b) -> 02+ + 2He | (((1*107-9)*(Tg/300)70.5)/(1e6))

56 | 02-+He->He+02+e (((3.9%*107-10)*exp(-7400/Tg))/(1e6)) | 76 | He2++02(a)-> 02+ +2He | (((1*107-9)*(Tg/300)A0.5)/(1e6))

57 | 02-+He*->He+02+e ((3*107-10)/(1e6)) 77 | He2++ 03 -> 0+ + 02 + 2He | (((1*107-9)*(Tg/300)"0.5)/(1e6))

58 | 02-+0->03+e (((1.5*107-10)*(Tg/300)10.5)/(1e6)) 78 | O++02->02++0 (((2.0%107-11)*(Tg/300)A-0.5)/(1e6))
59 | 02-+0(1S)->0+02 +e ((1*107-10)/(1e6)) 79 | O++03 ->02++ 02 ((1*107-10)/(1e6))

60 | 02-+02->202 +e (((2.7*107-10)*exp(-5590/Tg))/(1e6)) | 80 | O-+02(a)->02-+0 (((1.1*107-11)*(Tg/300)7-0.5)/(1e6))

TABLE 4.1 REACTIONS AND RATES
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# Reaction Rate # Reaction Rate
81 | O-+03->02-+02 (((1.02*107-11)*(Tg/300)70.5)/(1e6)) | 101 | He2* + 02 -> 02+ + 2He +e | (((1*107-10)*(Tg/300)70.5)/(1e6))
He2* + 03 -> 02+ + O + 2He
82 | 02+ +He*->0++0+He | ((1*107-10)/(1e6)) 102 | +e (((1*107-10)*(Tg/300)*0.5)/(1e6))
02+ + He2* ->0++ 0+
83 | 2He ((1*107-10)/(1e6)) 103 | O(1D)+ 0 ->20 ((8*107-12)/(1e6))
84 | 02++ 0(1D)->02(a) + O+ | (((1*107-12)*(Tg/300)*-0.5)/(1e6)) 104 | O(1D)+02->0+02 (((4.8*%107-12)*exp(67/Tg))/(1€6))
85 | 02-+0->0-+02 (((1.5*107-10)*(Tg/300)70.5)/(1e6)) 105 | O(1D) + 02 -> 0 + 02(a) (((1.6*107-12)*exp(67/Tg))/(1e6))
86 | 2He* -> He2++e ((2.03*107-9)*(Tg/300)*0.5)/(1e6) 106 | O(1D)+03-> 202 ((1.2*107-10)/(1e6))
87 | 2He* -> He+ + He + e ((8.7%107-10)*(Tg/300)"0.5)/(1e6) 107 | O(1D)+03-> 20+02 ((1.2*107-10)/(1e6))
He* + He2* -> He+ + 2He +
88 | e ((5*107-10)*(Tg/300)"0.5)/(1e6) 108 | O(1D) +He-> O +He ((1*107-13)/(1e6))
He* + He2* -> He2+ + He +
89 | e ((2*107-9)*(Tg/300)10.5)/(1e6) 109 | O(1S)+0-> O(1D)+O (((1.67*107-11)*exp(-300/Tg))/(1e6))
90 | 2He2* -> He++3He +e ((3*107-10)*(Tg/300)10.5)/(1e6) 110 | O(1S)+02-> 0+02 (((1.6*107-12)*exp(-850/Tg))/(1e6))
91 | 2He2* -> He2+ + 2He + e ((1.2*107-9)*(Tg/300)"0.5)/(1e6) 111 | O(1S)+02-> O(1D)+02 | (((3.2*107-12)*exp(-850/Tg))/(1e6))
92 | He*+0->0++He+e (((3.96*107-10)*(Tg/300)20.17)/(1e6)) | 112 | O(1S)+02(a)-> O+ 02 ((1.1*107-10)/(1e6))
93 | He* + O(1D) -> O+ + He +e | (((3.96*107-10)*(Tg/300)%0.17)/(1e6)) | 113 | O(1S)+02(a)-> 30 ((3.2%107-11)/(1e6))
0(1S) + 02(a) -> O(1D) +
94 | He* + O(1S) -> O+ +He +e | (((3.96*107-10)*(Tg/300)%0.17)/(1e6)) | 114 | 02(b) ((2.9*107-11)/(1e6))
95 | He*+02->02++He+e (((2.54*107-10)*(Tg/300)70.5)/(1e6)) 115 O(1S) +03 > 202 ((4.63*107-10)/(1e6))
He* + 02(b) -> 02+ + He +
9% | e (((2.54*107-10)*(Tg/300)70.5)/(1e6)) | 116 | 02(a)+0O-> 02+0 ((7*107-16)/(1e6))
He* + 03 ->02++0 + He +
97 | e (((2.54*107-10)*(Tg/300)70.5)/(1e6)) | 117 | 02(a)+0O-> 02 +0 (((2.2*107-18)*(Tg/300)70.8)/(1e6))
98 | He2* + 0 ->0++2He +e | (((1*107-10)*(Tg/300)"0.5)/(1e6)) 118 | 02(a)+02-> 0+03 (((2.95*107-21)*(Tg/300)10.5)/(1e6))
He2* + O(1D) -> O+ + 2He
99 | +e (((1*107-10)*(Tg/300)*0.5)/(1e6)) 119 | O2(a) + He-> 02+ He (((8*107-21)*(Tg/300)*0.5)/(1e6))
He2* + O(1S) -> O+ + 2He +
100 | e (((1*107-10)*(Tg/300)*0.5)/(1e6)) 120 | 02(b) +0O-> 02+0 (((8*107-15)*(Tg/300)*0.5)/(1e6))

TABLE 4.1 REACTIONS AND RATES
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# Reaction Rate # Reaction Rate

121 | 02(b)+O-> 02(a)+0 (((7.2*107-14)*(Tg/300)"0.5)/(1e6)) 131 | 30> 0+02 (((9.21*107-34)*(Tg/300)7-0.63)/(1e12))

122 | 02(b) +02-> 202 (((4*107-18)*(Tg/300)10.5)/(1e6)) 132 | 30> 0O+02(a) (((6.93*107-35)*(Tg/300)"-0.63)/(1e12))

123 | 02(b) +02-> 02(a)+02 | (((3.6*107-17)*(Tg/300)"0.5)/(1e6)) 133 | 20+02-> 202 (((2.56*107-34)*(Tg/300)"-0.63)/(1e12))
20+02-> 02+

124 | 202(b)-> 02(a)+02 (((3.6%107-17)*(Tg/300)70.5)/(1e6)) 134 | 02(a) (((1.93*107-35)*(Tg/300)"-0.63)/(1e12))

125 | 02(b) +03-> 202+0 (((7.33*107-12)*(Tg/300)"0.5)/(1e6)) | 135 | 20+02-> 03+0 (((3.4*107-34)*exp(345/Tg)"-0.63)/(1e12))

20+02(a)> 02+

126 | 02(b)+ 03 -> 02(a)+03 | (((7.33*107-12)*(Tg/300)*0.5)/(1e6)) | 136 | O2(a) ((7.4*107-33)/(1e12))

127 | 02(b)+03-> 02+03 (((7.33*107-12)*(Tg/300)70.5)/(1e6)) | 137 | 20+ He-> He + 02 (((1.3*107-32)*((Tg/300)"-1)*exp(-170/Tg))
20+He-> 02(a)+

128 | 02(b) + He-> 02(a) + He (((1*107-17)*(Tg/300)"0.5)/(1e6)) 138 | He ((9.88*107-35)/(1e12))

129 | 03+0-> 202 (((8*107-12)*exp(-2060/Tg))/(1e6)) 139 | 0+202-> 03+02 (((6*107-34)*(Tg/300)*-2.8)/(1e12))
O+02+He-> 03+

130 | He* + 2He -> He2* + He (2*¥107-34)/(1e12) 140 | He (((1.1*107-34)*exp(510/Tg))/(1el2))

TABLE 4.1 REACTIONS AND RATES
The reactions and species were selected in order to provide the best representation of the atomic and molecular states including the

ionic and metastable states for Helium, Nitrogen, and Oxygen. Oxygen in particular was selected to more thoroughly analyze
additional species since it is believed to play a crucial role in sterilization in atmospheric plasmas. The reactions and rates were taken

from the literature. [59, 60, 61, 62, 64]
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The twenty one species in our model include:
Helium, He

Nitrogen molecule, N,

Oxygen molecule, O,

Electrons, €

Helium ion, He"

Helium molecule ion, He,"

Helium metastable, He"

Helium molecule metastable, He,"
Nitrogen molecule ion, N,

Atomic oxygen, O

Oxygen molecule ion, O,"
Negative oxygen ion, O

Excited oxygen molecule, O, (alAg)
Excite atomic oxygen, O (‘D)
Atomic oxygen ion, O"

Ozone, O;

Negative oxygen molecule, O,
Excited atomic oxygen, O ('S)
Excited oxygen molecule, O (b 1Zg+)
Excited atomic oxygen, O (3p °P)

Excited atomic oxygen, O (3p °P)
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4.3 SUMMARY OF RESULTS
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FIGURE 4.1 SIMULATION AT E/P=30
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It can be seen that at E/p = 30, the simulation runs until 2.832 ps, the maximum
electron number is predicted to be 3.97 x 10" per meter cubed. The electron density
matches up well with other predictions. [59] It should also be noted that at this time, the
model predicts a maximum electron temperature of 8.0 eV. This value also corresponds
well with other simulations. [59, 61]

The ring-shaped structure of the plasma bullet can be visualized by close analysis of
this graph. Most species have a peak value at a radius of 1 mm to 1.5 mm. It is also
interesting to note that O,” has a peak value of 3.796 x 10'* at a radius of about 1.5mm,
the largest radius of the species. The model predicts a maximum density of ozone, O3, to

be 3.32 x 1012, which is less than that of O,".

Final
E/p N, Time
v/em Torr #/m’ us

20 | 3.9396E+17 5.235
22 | 3.9273E+17 4.533
24 | 3.9455E+17 3.973
26 | 3.9416E+17 3.519
28 | 3.9589E+17 3.145

30 | 3.9666E+17 2.832
TABLE 4.2 VARIOUS E/P RESULTS

The table above shows various times of maximum electron density after varying E/p.
It should be noted that the time for the afterglow region of 3 — 5 us agrees well with

experimental observations. [68,69]
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It can be seen that at E/p = 20, the simulation predicts a peak electron density after
5.24 ps. The maximum electron number is predicted to be 3.94 x 10'” per meter cubed. It
should also be noted that under these conditions, the model predicts an electron
temperature of 7.9 eV. By varying the E/p from 20 volts/cm Torr to 30 volts/cm Torr, it
can be seen in Table 4.2 that the maximum electron density is reached at a faster time at
higher values of E/p.

Due to a low number of reactions and reaction rates, excited atomic oxygen, O (IS),
excited atomic oxygen, O (3p *P), and excited atomic oxygen, O (3p °P) are predicted to
have negligent influence on the plasma. These species and their associated reactions can
be deleted from future simulations. Table 4.3 can be referenced for a complete set of
species and their predicted maximum and average densities in the helium CAP.

This one dimensional model may help to expand on the work performed by Park et al
[62] and show that densities of atomic oxygen, ozone, and metastable oxygen are not
predicted to be higher than the electron density. This difference is probably due to the
differences between a global, zero-dimensional model and a one-dimensional model.

Table 4.4 depicts the predicted top thirty-six reactions. Green highlighting indicates
reactions that produce electrons but are not related to Penning ionization. Yellow
highlights indicate Penning ionization reactions and blue highlights indicate reactions that

contribute to the loss of free electrons.
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Maximum Average

Species Density Density
#/m’ #/m’

He 2.4498E+25 1.5822E+25

N, 1.9146E+25 6.8559E+24

0, 5.0894E+24 1.8225E+24

e 3.9666E+17 1.1162E+17

He' 1.6468E+17 4.5997E+16

He," 7.8908E+16 2.2389E+16

He' 1.0651E+16 2.9880E+15

He, 8.2265E+16 1.4531E+16

Ny’ 9.8242E+16 1.7959E+16

0 1.2328E+17 2.0850E+16

0, 1.5652E+16 2.6472E+15

O 5.1241E+06 5.5961E+05

0, (a'A,) 1.7070E+08 2.0595E+07
0 ('D) 1.2460E+11 1.6433E+10
o} 1.2932E+17 2.2627E+16

0; 3.3181E+12 5.0591E+11

Oy 3.7961E+14 5.9744E+13

0 ('S) Negligible Negligible
0,(b 'Y 2.7293E+09 3.2929E+08
O (3p°P) Negligible Negligible
0 (3p°P) Negligible Negligible

TABLE 4.3 PREDICTED SPECIES DENSITIES
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Reaction # | Reaction Max Rate

2 | He + e -=> Het+ + 2¢ 6.5639E+25
66 | Het + 02 -> O++ O+ He 1.9373E+25
12 | He2+ + N2 -> N2+ + He2* 1.4107E+25
62 | He+ + 2He -> He2+ + He 1.3450E+25
5 | He+ + 2He -> He2+ + He 1.0568E+25
74 | He2++ 02 -> O+ + 2He 2.6786E+24
1| Hete->He*+e 2.0036E+24
11 | He2* + N2 -> N2+ +2He +e | 1.0223E+24
101 | He2* + 02 -> 02+ +2He +e | 9.0583E+23
78 | O++02 ->02++0 6.2329E+23
67 | He+ + 02 -> 02+ + He 5.9749E+23
95 | He* + 02 ->02++He t ¢ 3.0103E+23
10 | He* + N2 -> N2+ + He + ¢ 2.2292E+23
40 | e+ 02+ 02 ->02-+02 5.2693E+22
13 | N2+ +e->N2 7.6691E+21
31 | e+ He2++ He->He* +2He | 1.8375E+21
4 | He* + 2He -> He2* + He 1.2443E+21
130 | He* + 2He -> He2* + He 1.2443E+21
32 | e + He2+ + He -> He2* + He | 7.8749E+20
3 | He* + e -> Het + 2e 5.3309E+20
140 | O+ 02+ He-> O3+ He 4.4713E+20
16 | 2e + He2+ -> He* + He + ¢ 2.0233E+20
35 | e+ He2* -> ¢ + 2He 1.2147E+20
15| e+ 02+->20 1.9401E+19
14 | e+ 0O-->0+2e¢ 1.7396E+19
26 | e + 02+ -> 0 + O(1D) 1.4357E+19
27 | e + 02+ ->20(1D) 1.1107E+19
8 | 2He2* -> He2++ 2He + ¢ 9.9943E+18
139 | 0O+202-> 03+02 9.0129E+18
17 | 2e + He2+ -> He2* + ¢ 8.6712E+18
45 | O++02-->02+0 8.3083E+18
91 | 2He2* -> He2+ + 2He + ¢ 7.9954E+18
42 | Het++ 02--> 02 + He 3.4870E+18
71 | He2++ O ->0O++2He 2.8796E+18
90 | 2He2* -> Het+ +3He + ¢ 1.9989E+18
89 | He* + He2* -> He2+ + He +e | 1.7088E+18
47 | 02+ + 02- >202 8.4902E+17
98 | He2* + O -> 0O+ +2He t ¢ 7.6986E+17

TABLE 4.4 PREDICTED REACTION RATES
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The model predicts the direct ionization of helium to be the highest rate of any of the
reactions. It can also be seen that Penning ionization plays a key role in the plasma, since
many of the top reactions involve this ionization process. It is also interesting to note that
the top reaction for electron loss is though electron attachment to oxygen, thus creating
O,". This appears to correlate with other work [67], albeit depending on the radial
location and the corresponding molar fraction of the air. The next most important electron
loss mechanism is through electron attachment to nitrogen.

In summary, our model appears to depict plasma bullets by showing the maximum
radius of many species exist at a radius of 1 to 1.5mm away from the center of the plasma
jet. Penning ionization appears to play a key role in the CAP, although it is not the highest
form of ionization. The most significant form of ionization is predicted to be direct
ionization of helium. The second most predicted form of ionization is the Penning
ionization of nitrogen by the helium molecule metastable. The helium molecule
metastable is predicted to have a larger Penning ionization impact than the helium
metastable. The electron attachment to oxygen molecules is predicted to be the highest
electron loss mechanism in the CAP. The second most important reaction leading to the

loss of electrons is via recombination with the nitrogen molecule ion.
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CHAPTER 5 CONCLUSIONS

5.1 CONTRIBUTIONS

In this thesis,

1. The theory behind the Microwave Electron Density Device (MEDD) was described.
The MEDD fabrication, testing, and calibration procedures were detailed.

2. A series of plasma images that illustrate the temporal evolution of a discharge
created by an argon electrosurgical device operating in the coagulation mode and its
behavior was analyzed. The discharge of the argon electrosurgical system was studied
using an ICCD and the MEDD. The plasma density was measured and found to be in the
range of (7.5-9.5)-10"° cm™ for applied powers of 15-60 Watts at 3 liters per minute flow
rate of argon. The discharge can be classified as a glow discharge of alternating current
with a contracted positive column. The discharge ignites every half-wave of the driving
voltage when the voltage increases above the breakdown threshold (Vi ~300 V) and is
interrupted at the end of each half-wave when the voltage approaches zero. The plasma
sheath was seen to cover the target item on the positive half-wave of the voltage cycle.
During the negative half-wave, the plasma is overlapping the argon plasma scalpel.
Extending the time of the positive half-wave and reducing the time of the negative
half-wave will potentially improve the coagulation efficiency of the device.

3. For nearly 75% of the lifecycle of the discharge (12 ps), plasma does not exist. This
is in contrast to 25% of the time (4 ps) when plasma does exist in the channel. If the

SS-200E/Argon 2 unit can be modified to keep the voltage above the breakdown voltage
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(Vor ~300 V) for a longer period of time, greater coagulation may be achievable.

4. A three part experiment was conducted to determine the power in the argon plasma.
The power in the plasma was found to be in the range of 31% to 40%, based on the input
power setting of the device. The average power delivered to the plasma was found to be
35%. Reducing the distance from the argon plasma scalpel to the tissue helps to deliver
more power to the tissue.

5. A one-dimensional model of a helium cold atmospheric plasma was used to
simulate twenty-one oxygen, helium, and nitrogen species. One hundred and forty
reactions were successfully used. The predicted maximum and average densities of the
species were tabulated. Graphs of the species densities were presented showing the
change in densities with respect to the radius of the CAP. The plasma bullets can be seen
via these graphs, with most species displaying maximum densities at a radius which is
not the center of the CAP. This shows that the plasma bullets are a disk-like structure at
the moment of time presented.

6. Values of E/p were varied from 20 — 30 volts/cm Torr. Based on experimental
results of moments in time with which the maximum plasma density occurs, this data can

be used to predict the actual E/p values for future experiments.

5.2 FUTURE WORK

1. Continue to test various forms of plasma sources with the MEDD. Preferably, this
testing would be performed simultaneously with ICCD imaging as well as OES. To
date, OES was performed separately for the CAP. The ICCD can be retrofitted with OES

capabilities in order to more fully analyze various small atmospheric plasmas. This would
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also help to reduce perturbation effects which are caused by other OES devices, which
place a fiber optic in the plasma discharge.

2. Add additional ionic and metastable species of nitrogen, nitric oxide, and hydroxyl
to the simulation program to study them more fully. To date, the modeling was focused
on helium, nitrogen, and oxygen species. Nitric oxide in particular is believed to have a
“plasma healing” effect. [71] Furthermore, the diffusion of the background air into the
helium stream can be adjusted and the molar fraction of the air to helium can be
computed and adjusted in order to compare the results more fully with other works. [67]

3. Create an Argon model in order to analyze the USMI Electrosurgical device more
fully. This model could simulate the argon discharge into the surrounding atmosphere,
and attempt to predict the various argon, oxygen, and nitrogen species present in the
discharge. Additionally, the discharge could be studied more fully with OES capabilities

coupled with an ICCD and the MEDD.
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