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Intense research effort over last few decades in low-temperature (or cold) atmospheric plasma
application in bioengineering led to the foundation of a new scientific field, plasma medicine. Cold
atmospheric plasmas (CAP) produce various chemically reactive species including reactive oxygen
species (ROS) and reactive nitrogen species (RNS). It has been found that these reactive species
play an important role in the interaction of CAP with prokaryotic and eukaryotic cells triggering
various signaling pathways in cells. VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4933406]

There is convincing evidence that cold atmospheric
plasmas (CAP) interaction with tissue allows targeted cell re-
moval without necrosis, i.e., cell disruption. In fact, it was
determined that CAP affects cells via a programmable pro-
cess called apoptosis.1–3 Apoptosis is a multi-step process
leading to cell death, and this process is the one inherit to
cells in the human body.

Although CAP has been shown to be lethal to bacteria,
it appears to cause little to no damage to mammalian cells.
Having different structure and morphology than that of pro-
karyotes, mammalian cells exhibit different responses to
physical and chemical stresses induced by CAP. The ability
of CAP to kill bacteria and to accelerate the proliferation of
specific tissue cells opened up the possibility to use plasma
in various medical applications. CAP is already proven to be
effective in wound healing, skin diseases, hospital hygiene,
sterilization, antifungal treatments, dental care, and cosmet-
ics targeted cell/tissue removal.4–6 More recently, potential
of CAP application in cancer therapy has been explored.7–10

It was demonstrated that CAP treatment leads to selective
eradication of cancer cells in vitro and reduction of tumor
size in vivo. Recently, few successful clinical trials have
been performed.

Further progress in this highly interdisciplinary field can
be expected as a result of strong collaborative research
between plasma physicists, chemists, microbiologists, and
medical doctors.

It is due to such increased interest in plasma medicine to
the plasma physics community that Physics of Plasmas dedi-
cates this Special Topic Section on Plasma Medicine. The
proposed Special Topic Section will address the following
aspects of plasma medicine:

• plasma devices and plasma diagnostics for medical
applications

• biological aspects of plasma interaction with cells and rela-
tionship between plasma parameters and cell responses

Recently, various unique plasma diagnostic tools were
developed to probe low-temperature plasmas. In this special

topic section, there are several papers dedicated to plasma
diagnostics.

Shashurin and Keidar presented a mini review of diag-
nostic approaches for the low-frequency atmospheric plasma
jets. Robert et al. described analysis of atmospheric pressure
plasma propagation inside the long dielectric tubes through
non-intrusive and non-perturbative time resolving bi-
directional electric field (EF) measurements. In particular,
their study reveals that plasma propagation occurs in a region
where longitudinal EF exists ahead of the ionization front.
EF components have a few kV/cm in amplitude in the case
of helium or neon plasmas and almost constant along a few
tens of cm long capillary. These measurements are in excel-
lent agreement with the previous calculations.

Evaluation of efficacy of the plasma-activated media on
cancer cells was described by Mohades et al. It was observed
that the chemistry induced by plasma in the aqueous state
becomes crucial and usually determines the biological
response. They report on the measurements of concentrations
of the hydrogen peroxide, a species known to have strong bi-
ological effects. Yang et al. presented a study of atmospheric
pressure cold plasma effect on chemotherapeutic drugs-
resistant cells. Incubation with plasma-treated medium for
20 s induced more than 85% death rate in Bel7402 cells,
while the same death ratio was achieved when Bel7402/5FU
cells were treated for as long as 300 s. They established that
the hydrogen peroxide in the medium played a leading role
in the cytotoxicity effects. Miller et al. addressed an impor-
tant problem of atmospheric plasma effect on angiogenesis,
which is the process of formation of new blood vessels from
pre-existing vessels. Stimulation of angiogenesis is a promis-
ing and an important step in treatment of peripheral artery
disease. They demonstrated that atmospheric plasma treat-
ment stimulates the production of VEGF, MMP-9, and
CXCL 1 that, in turn, induces angiogenesis in mouse aortic
rings. Ishaq et al. described biological mechanisms that
underpin plasma-induced death in cancer cells. In particular,
they focused on effect of the plasma treatment dose on the
expression of tumour suppressor protein TP73. They found
that the plasma treatment induces dose-dependent up-regula-
tion of TP73 gene expression, resulting in significantlya)keidar@gwu.edu
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The Atmospheric-Pressure Plasma Jet: A Review
and Comparison to Other Plasma Sources

Andreas Schütze, James Y. Jeong, Steven E. Babayan, Jaeyoung Park, Gary S. Selwyn, and Robert F. Hicks

(Invited Paper)

Abstract—Atmospheric-pressure plasmas are used in a variety
of materials processes. Traditional sources include transferred
arcs, plasma torches, corona discharges, and dielectric barrier
discharges. In arcs and torches, the electron and neutral tem-
peratures exceed 3000 C and the densities of charge species
range from 10 –10 cm . Due to the high gas temperature,
these plasmas are used primarily in metallurgy. Corona and di-
electric barrier discharges produce nonequilibrium plasmas with
gas temperatures between 50–400 C and densities of charged
species typical of weakly ionized gases. However, since these
discharges are nonuniform, their use in materials processing is
limited. Recently, an atmospheric-pressure plasma jet has been
developed, which exhibits many characteristics of a conventional,
low-pressure glow discharge. In the jet, the gas temperature
ranges from 25–200 C, charged-particle densities are 10 –10
cm , and reactive species are present in high concentrations,
i.e., 10–100 ppm. Since this source may be scaled to treat large
areas, it could be used in applications which have been restricted
to vacuum. In this paper, the physics and chemistry of the plasma
jet and other atmospheric-pressure sources are reviewed.

Index Terms—Atmospheric pressure, corona discharge, dielec-
tric barrier discharge, plasma jet, plasma torch, thermal and
nonthermal plasmas, transferred arc.

I. INTRODUCTION

LOW-PRESSURE plasmas have found wide applications
in materials processing and play a key role in manu-

facturing semiconductor devices [1], [2]. The advantages of
plasmas are well known. They generate high concentrations
of reactive species that can etch and deposit thin films at rates
up to 10 m/min. The temperature of the gas is usually below
150 C, so that thermally sensitive substrates are not damaged.
The ions produced in the plasma can be accelerated toward a
substrate to cause directional etching of submicron features.
In addition, a uniform glow discharge can be generated, so

Manuscript received March 30, 1998. This work was supported in part
by the U.S. Department of Energy, the University of California, the Basic
Energy Sciences, Environmental Management Sciences Program, and the
Office of Science and Risk Policy under Award DE-F5607-96ER45621. The
work of A. Schütze was supported by a fellowship from the Deutsche
Forschungsgemeinschaft (DFG). The work of J. Y. Jeong and S. E. Babayan
and was supported by fellowships from the University of California Center
for Environmental Risk Reduction and the Toxic Substances Research and
Training Program.
A. Schütze, J. Y. Jeong, S. E. Babayan, and R. F. Hicks are with the

Department of Chemical Engineering, University of California, Los Angeles,
CA 90095-1592 USA (e-mail: schuetze@seas.ucla.edu).
J. Park and G. S. Selwyn are with Los Alamos National Laboratory, Los

Alamos, NM 87545 USA.
Publisher Item Identifier S 0093-3813(98)09643-X.

that materials processing proceeds at the same rate over large
substrate areas. On the other hand, operating the plasma at
reduced pressure has several drawbacks. Vacuum systems are
expensive and require maintenance. Load locks and robotic
assemblies must be used to shuttle materials in and out of
vacuum. Also, the size of the object that can be treated is
limited by the size of the vacuum chamber.
Atmospheric-pressure plasmas overcome the disadvantages

of vacuum operation. However, the difficulty of sustaining a
glow discharge under these conditions leads to a new set of
challenges. Higher voltages are required for gas breakdown
at 760 torr, and often arcing occurs between the electrodes.
In some applications, such as plasma torches, arcing is in-
tentionally sought [3], [4]. However, to prevent arcing and
lower the gas temperature, several schemes have been devised,
such as the use of pointed electrodes in corona discharges
[5] and insulating inserts in dielectric barrier discharges [6].
A drawback of these sources is that the plasmas are not
uniform throughout the volume. Recently, a plasma jet has
been developed which uses flowing helium and a special
electrode design to prevent arcing [7]. This source can etch
and deposit materials at low temperatures and may be suitable
for a wide range of applications.
A number of review articles have been published on

atmospheric-pressure plasmas [3], [4], [6], [8], [9]. However,
these articles are devoted to either thermal, or nonthermal
sources, and do not include recent advances in the field. In
this paper, we give an overview of these plasma sources and
highlight the recent development of the atmospheric-pressure
plasma jet. First, we consider the effect of pressure on the
physical properties of plasmas. Then in the following sections,
each atmospheric-pressure source is examined. Topics of
interest include the current–voltage characteristics, electron
and neutral temperatures, densities of charged particles, and
gas compositions for oxygen-based systems. Finally, in the last
section, a quantitative comparison is made between traditional
sources and the atmospheric-pressure plasma jet.

II. PROPERTIES OF PLASMAS
To ignite a plasma, the breakdown-voltage for the gas

must be exceeded. This voltage depends on the electrode
spacing and the pressure as follows [2], [8], [10]:

(1)

0093–3813/98$10.00  1998 IEEE

Dr. Gary S. Selwyn, Ph.D founded APJeT, Inc., in 2002 and serves as its 
Chief Technology Officer. Dr. Selwyn is the principal founder of APJeT, Inc. 
and was successful in obtaining APJeT's exclusive license for the patent 
portfolio from LANL and the necessary investment capital from corporate 
sponsors. He served as Chairman of the Board at APJeT, Inc., and serves 
as its Director. When he is not inventing, Dr. Selwyn enjoys scuba diving, 
skiing, sailing, fishing, fitness activities, hiking, camping, museums, 
classical music, and opera. Dr. Selwyn has been a pioneer in the field of 
plasma chemistry and plasma processing of materials for 25 years. He is 
widely known for his discovery of plasma-generated particulate 
contamination in chip manufacturing processes
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11.1 DC-Discharges 325

Fig. 11.2 Anatomy of a glow
discharge in a long
cylindrical tube with plane
cathode (C) and anode (A).
(a) Various dark spaces and
luminous regions are
indicated. (b) Sketch of the
electric potential Φ and axial
electric field E in the normal
glow discharge
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positive column becomes longer and fills the additional volume. It is found that
when the discharge gap is made shorter, the discharge is maintained even as the
positive column and the Faraday dark space have been “consumed”, leaving only
the negative glow and the dark space adjacent to the electrodes.

This behavior shows that the glow discharge can be split into two functional
units: the cathodic part, which is responsible for liberating a sufficient number of
electrons from the cold cathode and ends in the negative glow, and the anodic part
consisting of positive column and a transition layer to the anode.

The positive column is the active part in fluorescent tubes, in which a small
admixture of mercury to a low-pressure argon discharge generates UV light that
is converted to “white” visible light in a fluorescent coating of the inner tube wall.
The typical red colour of the neon spectrum is found in neon displays.

The potential distribution in a glow discharge and the corresponding axial elec-
tric field are sketched in Fig. 11.2b. The largest voltage drop occurs in the cathode
region. The negative glow is mostly field-free, E ≈ 0. In the positive column, the
axial electric field is constant. There is a small voltage drop across the anode layer.

11.1.3 Processes in the Cathode Region

The key to understanding electrical breakdown and the steady-state of the cathode
region is the interplay of electron multiplication in the gas and release of electrons
from the cathode by ion bombardment.

11.1.3.1 Gas Breakdown

When a primary electron is released from the cathode and is accelerated in the elec-
tric field, which we assume to be homogeneous before breakdown, it can ionize gas
atoms after a typical mean free path for ionization, λi. In this ionization process
an electron-ion pair is created. Now two electrons are accelerated that generate

11.1 DC-Discharges 333

Combining (11.11) and (11.12), we recover the Bessel-type equation (4.41), which
has the solution ne(r) = ne(0)J0(2.405r/a) shown in Fig. 4.14. This example
shows how a short segment of the positive column maintains its existence. Further,
we can conclude that the positive column can be extended to an arbitrary length,2

provided that the discharge current is kept constant. In other words, the positive
column requires a constant voltage drop per unit length (= axial electric field), as
can be seen in Fig. 11.2b.

11.1.8 Similarity Laws

Two gas discharges in cylindrical tubes have the same plasma parameters ne and Te,
when the following similarity conditions are fulfilled.

The mean energy gain of an electron in the dc electric field is proportional to the
product of the electric field and the mean free path, Eλmfp. Since the mean free path
is inversely proportional to the gas density, the energetics in the different regions
of a glow discharge is determined by the quantity E/p, where the gas pressure p
represents gas density. Therefore, the electron temperature in the positive column is
only a function of E/p and the kind of gas used.

In particular, Townsend’s electron multiplication coefficient can be written as
α = p f (E/p). It is then straightforward to conclude that the thickness of the normal
cathode fall (11.8) must be a fixed number of mean free paths for ionization, hence
dn ∝ 1/p. Likewise, the voltage drop Un of the normal cathode fall is a fixed
multiple of the energy gain per mean free path and therefore independent of gas
pressure. This allows the following conclusions about the similarity parameter for
the discharge current. The total discharge current is the same at each axial position
of the discharge tube. Hence, we can calculate it at the cathode. There, we have a
mobility-limited ion current, ji = eniµi E0, with the electric field at the cathode
E0 = 2Un/dn. The ion density is obtained from the ion space charge in the cathode
region nie = ε0 E0/dn. Then, with je = γ ji, the total current becomes

j = ε0µi
E2

0

dn
(1 + γ ) ∝ p2 . (11.13)

The proportionality to p2 results from E0 ∝ p, dn ∝ p−1, and µi ∝ p−1. Hence,
j/p2 is a similarity parameter.

2 Prof. Sanborn C. Brown told the anecdote of the gas-discharge pioneer Wilhelm Hittorf, who
attempted to find the maximum length of the positive column [353]. “Week after week his discharge
tube grew as he added meter after meter [. . . ] His tube went all the way across the room, turned and
came back, turned again until his laboratory seemed full of thin glass tubing. It was summer [. . . ]
and he opened the window to make it bearable. Suddenly from outside came the howl of a pack of
dogs in full pursuit and flying through the window came a terrified cat to land [. . . ] in the middle of
the weeks and weeks of labor. ‘Until an unfortunate accident terminated my experiment’, Hittorf
wrote, ‘the positive column appeared to extend without limit.’ ”
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The influence of the tube radius a on the discharge is given by the production-loss
balance (4.43), νion = Da (2.405/a)2. Noticing, that νion ∝ p and Da ∝ p−1,
we find that the product of gas pressure and tube radius, p a, must be a similarity
parameter. Similar scalings with p d were discussed for the breakdown voltage, the
thickness of the normal glow, and the dimensions of the hollow cathode.

Last not least, the p d scaling explains, why the diameter of fluorescent tubes
could be reduced from 1.5′′ to 1′′, or even to 1/4′′ in compact fluorescent tubes, with
a corresponding increase in gas pressure, after phosphor coatings were developed
that could withstand the increased heat flux. It is also not surprising, that modern gas
discharges at atmospheric pressure are tiny objects of sub-millimeter dimensions.

11.1.9 Discharge Modes of Thermionic Discharges

Low-pressure discharges with thermionic emitters are influenced by the formation
of electron space-charge in the cathode region. This space-charge cloud can limit the
discharge current by forming a virtual cathode (see Sect. 9.2.2), or by a sufficient
amount of ion current, can vanish and leave a temperature-limited emission current.
Four distinct discharge modes could be identified [354]:

1. the anode-glow mode
2. the ball-of-fire mode
3. the Langmuir mode
4. the temperature-limited mode

Figure 11.10 shows a typical volt-ampere characteristic of a thermionic discharge
[355] and identifies the topology of the potential distribution between cathode and
anode. The anode glow mode is found in the regime A–B′ on the hysteresis curve.
The corresponding potential distribution shows the formation of a potential barrier
(virtual cathode) before the cathode. In a layer before the anode, the potential rises

0
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Fig. 11.10 Hysteresis curve for a thermionic discharge (from [355]). The potential distribution for
the anode glow mode and the temperature limit mode are sketched on the right
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up to 10 m/min. The temperature of the gas is usually below
150 C, so that thermally sensitive substrates are not damaged.
The ions produced in the plasma can be accelerated toward a
substrate to cause directional etching of submicron features.
In addition, a uniform glow discharge can be generated, so
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that materials processing proceeds at the same rate over large
substrate areas. On the other hand, operating the plasma at
reduced pressure has several drawbacks. Vacuum systems are
expensive and require maintenance. Load locks and robotic
assemblies must be used to shuttle materials in and out of
vacuum. Also, the size of the object that can be treated is
limited by the size of the vacuum chamber.
Atmospheric-pressure plasmas overcome the disadvantages

of vacuum operation. However, the difficulty of sustaining a
glow discharge under these conditions leads to a new set of
challenges. Higher voltages are required for gas breakdown
at 760 torr, and often arcing occurs between the electrodes.
In some applications, such as plasma torches, arcing is in-
tentionally sought [3], [4]. However, to prevent arcing and
lower the gas temperature, several schemes have been devised,
such as the use of pointed electrodes in corona discharges
[5] and insulating inserts in dielectric barrier discharges [6].
A drawback of these sources is that the plasmas are not
uniform throughout the volume. Recently, a plasma jet has
been developed which uses flowing helium and a special
electrode design to prevent arcing [7]. This source can etch
and deposit materials at low temperatures and may be suitable
for a wide range of applications.
A number of review articles have been published on

atmospheric-pressure plasmas [3], [4], [6], [8], [9]. However,
these articles are devoted to either thermal, or nonthermal
sources, and do not include recent advances in the field. In
this paper, we give an overview of these plasma sources and
highlight the recent development of the atmospheric-pressure
plasma jet. First, we consider the effect of pressure on the
physical properties of plasmas. Then in the following sections,
each atmospheric-pressure source is examined. Topics of
interest include the current–voltage characteristics, electron
and neutral temperatures, densities of charged particles, and
gas compositions for oxygen-based systems. Finally, in the last
section, a quantitative comparison is made between traditional
sources and the atmospheric-pressure plasma jet.

II. PROPERTIES OF PLASMAS
To ignite a plasma, the breakdown-voltage for the gas

must be exceeded. This voltage depends on the electrode
spacing and the pressure as follows [2], [8], [10]:

(1)
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Fig. 1. Breakdown potential in various gases as a function of the pressure
and gap distance for plane-parallel electrodes [8].

Fig. 2. Current–voltage characteristics of a low-pressure DC glow discharge
at 1 torr [13].

Here, and are constants found experimentally, and
is the secondary electron emission coefficient of the cathode.
Paschen curves, showing the dependence of the breakdown
voltage on electrode spacing and pressure, are presented in
Fig. 1, [8], [11], and [12]. Above , increases
rapidly with pressure at a constant electrode spacing. For
example, the breakdown voltage for argon is estimated to be
2500 V at 760 torr and with a 5 mm gap distance. A narrow
gap is necessary to achieve a reasonable breakdown voltage
at atmospheric pressure.
Insight into the operation of a plasma can be obtained

from the dependence of the applied voltage on current. This
relationship is illustrated in Fig. 2 for a low-pressure DC
glow discharge [13]. The discharge can be divided into four
regions: 1) the “dark” or “Townsend discharge” prior to spark
ignition; 2) “normal glow” where the voltage is constant or
slightly decreasing with current; 3) “abnormal glow” where
the voltage increases with current; and 4) “arc discharge”
where the plasma becomes highly conductive. Low-pressure
plasmas used in materials processing are operated in region

Fig. 3. Schematic of the electron and gas temperature as a function of
pressure in a plasma discharge at constant current [14].

2). Regions 2) and 3) tend to shrink with increasing pressure,
so that for many gases, spark ignition proceeds directly to
arcing at 760 torr.
In a weakly ionized gas at low pressure, the electron density

ranges between 10 –10 cm [2]. Under these conditions,
the collision rate between electrons and neutral molecules is
insufficient to bring about thermal equilibrium. Consequently,
the electron temperature can be one to two orders of
magnitude higher than the neutral and ion temperatures and
. However, as the pressure increases, the collision rate will

rise to a point where effective energy exchange occurs between
the electrons and neutral molecules, so that . In
this case, the electron density usually ranges from 10 –10
cm [2].
The trend in electron and neutral temperatures with pressure

is illustrated in Fig. 3 for a plasma discharge with a mercury
and rare gas mixture [14], [15]. At 1 mtorr, the gas temperature
is 300K, while the electron temperature is 10 000K (1 eV =
11 600K). These two temperatures merge together above 5 torr
to an average value of about 5000K. Since the probability for
energy exchange upon collision of an electron and molecule
depends on the nature of the molecule, the pressure at which

approaches should be a sensitive function of the gas
composition. For example, there may be compositions where
and merge together above 760 torr.
Shibata et al. [16] have simulated the distribution of reac-

tive species within a parallel-plate oxygen discharge using a
relaxation-continuum model. Shown in Fig. 4 are the results
obtained during half of the RF cycle with the cathode at .
The conditions are 0.15 torr O pressure, 200 power,
and a 20 mm gap spacing. The simulation shows that the
density of charged species varies over a broad range, from
10 –10 cm , depending on position. On the other hand,
the concentrations of oxygen atoms and metastable oxygen
molecules are much higher, equal to about 0.2 and 2.0
10 cm , respectively. The concentration of metastable

oxygen is constant across the gap, whereas the concentration of
O atoms falls to zero at the walls due to surface recombination
[16]. This simulation is in good agreement with another
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Fig. 4. Spatial particle distributions in a parallel plate O RF discharge at
for V [16].

Fig. 5. Time-averaged number densities of each particle in the center of the
discharge as a function of pressure in the range between 0.15 and 1 torr [16].

modeling study by Klopovskii et al. [17]. By comparison,
Selwyn [18] measured the O atom concentration in an oxygen
and argon RF discharge using two-photon laser excitation. He
detected O atom concentrations of about 5 10 cm at 0.1
torr O , having a gap distance between two plane electrodes
of 55 mm and a self bias of 300 V.
Shown in Fig. 5 is the effect of pressure on the plasma

composition as predicted by Shibata’s model. As the pressure
increases above 0.3 torr, the density of ions diminishes due
to the lower electron energies at higher pressure (cf. Fig. 3),
and thus, a lower production rate of ion-electron pairs. On

Fig. 6. Schematic of a transferred arc apparatus.

the other hand, the concentrations of O metastables and
O atoms increases with pressure, because these species are
created by the excitement and dissociation of O , which
requires electron energies of only 1–5 eV. The trends shown
in Fig. 5 suggest that at atmospheric pressure, ions will be
relatively insignificant, so that the chemistry will be dominated
by reactive neutral species. In the case of oxygen plasmas,
these species are O atoms, metastable O , and O .

III. TRANSFERRED ARCS AND PLASMA TORCHES
Transferred arcs are used to cut [3], [4], [19], and [20], melt

[4] and [21], and weld condensed materials. A schematic of
such a device is shown in Fig. 6. It consists of a cylindrical
shaped cathode, an outer grounded and water-cooled shield,
and a workpiece as the anode. By feeding argon and hydrogen,
oxygen, or air between the cathode and shield, and by applying
DC power of up to 200 kW, an arc between the electrodes
may be ignited and sustained. Typical operation conditions
and properties are 1–15 l/s gas flow, 50–600 A, 10 MW/m ,
gas temperatures between 3000 and 20 000K, and a nozzle-to-
sample distance of 5–10 mm [19]–[22]. These parameters may
vary, depending on the nozzle diameter and materials to be cut.
Transferred arcs can slice steel plates up to 150 mm thick. For
example, a plate, 40 mm thick, was cut at 0.7 m/min with a
600 A arc [23].
Several design variations on the transferred arc have been

developed. A plasma arc heater uses the shield as the anode
instead of the workpiece. In addition, RF induction coils and
advanced gas injection schemes are sometimes employed to
enhance the plasma density and to restrict the cutting area [9].
Plasma torches are the same as plasma arc heaters, except

that they contain a port for injecting precursor compounds
that are used in thin film deposition [3], [24]–[26]. In the
literature, this technique is also referred to as “injection plasma
processing” [25]. The precursors, in the form of solid pellets,
powder, or volatile molecules, are introduced just downstream
of the arc, where they are vaporized and/or dissociated into
reactive species. The resultant mixture is sprayed onto a
substrate, thereby coating it with a film at rates up to 10
m/min. Films which have been deposited with plasma torches
include SiC [26], SiN [27], TiO [28], Y–Ba–Cu–O [24], [29],
Al 0 [30], and diamond [31]–[36]. The main purpose of these
coatings is to provide materials with added resistance to wear,
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m/min. Films which have been deposited with plasma torches
include SiC [26], SiN [27], TiO [28], Y–Ba–Cu–O [24], [29],
Al 0 [30], and diamond [31]–[36]. The main purpose of these
coatings is to provide materials with added resistance to wear,
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Fig. 4. Spatial particle distributions in a parallel plate O RF discharge at
for V [16].

Fig. 5. Time-averaged number densities of each particle in the center of the
discharge as a function of pressure in the range between 0.15 and 1 torr [16].

modeling study by Klopovskii et al. [17]. By comparison,
Selwyn [18] measured the O atom concentration in an oxygen
and argon RF discharge using two-photon laser excitation. He
detected O atom concentrations of about 5 10 cm at 0.1
torr O , having a gap distance between two plane electrodes
of 55 mm and a self bias of 300 V.
Shown in Fig. 5 is the effect of pressure on the plasma

composition as predicted by Shibata’s model. As the pressure
increases above 0.3 torr, the density of ions diminishes due
to the lower electron energies at higher pressure (cf. Fig. 3),
and thus, a lower production rate of ion-electron pairs. On

Fig. 6. Schematic of a transferred arc apparatus.

the other hand, the concentrations of O metastables and
O atoms increases with pressure, because these species are
created by the excitement and dissociation of O , which
requires electron energies of only 1–5 eV. The trends shown
in Fig. 5 suggest that at atmospheric pressure, ions will be
relatively insignificant, so that the chemistry will be dominated
by reactive neutral species. In the case of oxygen plasmas,
these species are O atoms, metastable O , and O .

III. TRANSFERRED ARCS AND PLASMA TORCHES
Transferred arcs are used to cut [3], [4], [19], and [20], melt

[4] and [21], and weld condensed materials. A schematic of
such a device is shown in Fig. 6. It consists of a cylindrical
shaped cathode, an outer grounded and water-cooled shield,
and a workpiece as the anode. By feeding argon and hydrogen,
oxygen, or air between the cathode and shield, and by applying
DC power of up to 200 kW, an arc between the electrodes
may be ignited and sustained. Typical operation conditions
and properties are 1–15 l/s gas flow, 50–600 A, 10 MW/m ,
gas temperatures between 3000 and 20 000K, and a nozzle-to-
sample distance of 5–10 mm [19]–[22]. These parameters may
vary, depending on the nozzle diameter and materials to be cut.
Transferred arcs can slice steel plates up to 150 mm thick. For
example, a plate, 40 mm thick, was cut at 0.7 m/min with a
600 A arc [23].
Several design variations on the transferred arc have been

developed. A plasma arc heater uses the shield as the anode
instead of the workpiece. In addition, RF induction coils and
advanced gas injection schemes are sometimes employed to
enhance the plasma density and to restrict the cutting area [9].
Plasma torches are the same as plasma arc heaters, except

that they contain a port for injecting precursor compounds
that are used in thin film deposition [3], [24]–[26]. In the
literature, this technique is also referred to as “injection plasma
processing” [25]. The precursors, in the form of solid pellets,
powder, or volatile molecules, are introduced just downstream
of the arc, where they are vaporized and/or dissociated into
reactive species. The resultant mixture is sprayed onto a
substrate, thereby coating it with a film at rates up to 10
m/min. Films which have been deposited with plasma torches
include SiC [26], SiN [27], TiO [28], Y–Ba–Cu–O [24], [29],
Al 0 [30], and diamond [31]–[36]. The main purpose of these
coatings is to provide materials with added resistance to wear,
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corrosion, and oxidation and may also have applications in
electrical and electronic fields [37].
Fig. 7 shows the current–voltage characteristics of a plasma

torch. After exceeding the breakdown voltage (the maximum
in the curve), the gas becomes highly ionized and conductive.
This produces a rapid drop in voltage with increasing current.
Notice that 300 kV is required to achieve breakdown, whereas
at normal operating currents of 200–600 A, only about 100 V
is needed to sustain the arc [19], [38].
Although plasma torches have been considered to be in

equilibrium, Kruger et al. [39], [40] have shown that this is
not normally the case. With regard to thermal equilibrium,
Kim et al. [41] measured the electron and ion temperatures in
a plasma torch as a function of the radial and axial positions.
They found that varied from 7.0–9.0 eV, while was
an order of magnitude lower at 0.3–0.9 eV. In addition, they
observed electron densities near 3 10 cm .
In transferred arcs and plasma torches, extremely high tem-

peratures promote the complete dissociation of the feed gas.
For example, Fig. 8 shows the effect of the gas temperature
on the distribution of oxygen species and electrons in an
arc at 0.95 atm of oxygen [42]. The oxygen molecules are
approximately 99% dissociated with predominantly all of these
molecules being converted into O atoms. By contrast, the
concentrations of O , O , and O are several orders of
magnitude lower. These results are consistent with the energies
required to dissociate and ionize oxygen: (O ) 5.11 eV,

(O ) 6.48 eV, and (O) 13.62 eV [43].

IV. CORONA DISCHARGE
A corona discharge appears as a luminous glow localized

in space around a point tip in a highly nonuniform electric
field. The physics of this source is well understood [5], [8],
[12], [44]–[47]. The corona may be considered a Townsend
discharge or a negative glow discharge depending upon the
field and potential distribution [45]. Fig. 9 shows a schematic
of a point-to-plane corona. The apparatus consists of a metal
tip, with a radius of about 3 m, and a planar electrode
separated from the tip by a distance of 4–16 mm [47]. The

Fig. 8. Composition of an oxygen plasma arc at 0.95 atm as a function of
the temperature [42].

Fig. 9. Schematic of a corona discharge.

plasma usually exists in a region of the gas extending about 0.5
mm out from the metal point. In the drift region outside this
volume, charged species diffuse toward the planar electrode
and are collected.
The restricted area of the corona discharge has limited

its applications in materials processing. In an attempt to
overcome this problem, two-dimensional arrays of electrodes
have been developed. Some applications of coronas include the
activation of polymer surfaces [48], [49], and the enhancement
of SiO growth during the thermal oxidation of silicon wafers
[50], [51].
Shown in Fig. 10 is the dependence of the voltage on the

current for a positive point-to-plane corona operating in air
at 760 torr [5], [52]. The plasma ignites at a voltage of 2–5
kV and produces an extremely small current of 10 –10 A.
Above 10 A, the voltage rapidly increases with current. This
coincides with the generation of micro-arcs, or “streamers,”
that extend between the electrodes. A maximum voltage is
recorded at about 5 10 A, where the device begins
to arc. Coronas are operated at currents below the onset
of arcing.
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and a workpiece as the anode. By feeding argon and hydrogen,
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Transferred arcs can slice steel plates up to 150 mm thick. For
example, a plate, 40 mm thick, was cut at 0.7 m/min with a
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Several design variations on the transferred arc have been
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instead of the workpiece. In addition, RF induction coils and
advanced gas injection schemes are sometimes employed to
enhance the plasma density and to restrict the cutting area [9].
Plasma torches are the same as plasma arc heaters, except

that they contain a port for injecting precursor compounds
that are used in thin film deposition [3], [24]–[26]. In the
literature, this technique is also referred to as “injection plasma
processing” [25]. The precursors, in the form of solid pellets,
powder, or volatile molecules, are introduced just downstream
of the arc, where they are vaporized and/or dissociated into
reactive species. The resultant mixture is sprayed onto a
substrate, thereby coating it with a film at rates up to 10
m/min. Films which have been deposited with plasma torches
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corrosion, and oxidation and may also have applications in
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Fig. 7 shows the current–voltage characteristics of a plasma

torch. After exceeding the breakdown voltage (the maximum
in the curve), the gas becomes highly ionized and conductive.
This produces a rapid drop in voltage with increasing current.
Notice that 300 kV is required to achieve breakdown, whereas
at normal operating currents of 200–600 A, only about 100 V
is needed to sustain the arc [19], [38].
Although plasma torches have been considered to be in

equilibrium, Kruger et al. [39], [40] have shown that this is
not normally the case. With regard to thermal equilibrium,
Kim et al. [41] measured the electron and ion temperatures in
a plasma torch as a function of the radial and axial positions.
They found that varied from 7.0–9.0 eV, while was
an order of magnitude lower at 0.3–0.9 eV. In addition, they
observed electron densities near 3 10 cm .
In transferred arcs and plasma torches, extremely high tem-

peratures promote the complete dissociation of the feed gas.
For example, Fig. 8 shows the effect of the gas temperature
on the distribution of oxygen species and electrons in an
arc at 0.95 atm of oxygen [42]. The oxygen molecules are
approximately 99% dissociated with predominantly all of these
molecules being converted into O atoms. By contrast, the
concentrations of O , O , and O are several orders of
magnitude lower. These results are consistent with the energies
required to dissociate and ionize oxygen: (O ) 5.11 eV,

(O ) 6.48 eV, and (O) 13.62 eV [43].

IV. CORONA DISCHARGE
A corona discharge appears as a luminous glow localized

in space around a point tip in a highly nonuniform electric
field. The physics of this source is well understood [5], [8],
[12], [44]–[47]. The corona may be considered a Townsend
discharge or a negative glow discharge depending upon the
field and potential distribution [45]. Fig. 9 shows a schematic
of a point-to-plane corona. The apparatus consists of a metal
tip, with a radius of about 3 m, and a planar electrode
separated from the tip by a distance of 4–16 mm [47]. The

Fig. 8. Composition of an oxygen plasma arc at 0.95 atm as a function of
the temperature [42].

Fig. 9. Schematic of a corona discharge.

plasma usually exists in a region of the gas extending about 0.5
mm out from the metal point. In the drift region outside this
volume, charged species diffuse toward the planar electrode
and are collected.
The restricted area of the corona discharge has limited

its applications in materials processing. In an attempt to
overcome this problem, two-dimensional arrays of electrodes
have been developed. Some applications of coronas include the
activation of polymer surfaces [48], [49], and the enhancement
of SiO growth during the thermal oxidation of silicon wafers
[50], [51].
Shown in Fig. 10 is the dependence of the voltage on the

current for a positive point-to-plane corona operating in air
at 760 torr [5], [52]. The plasma ignites at a voltage of 2–5
kV and produces an extremely small current of 10 –10 A.
Above 10 A, the voltage rapidly increases with current. This
coincides with the generation of micro-arcs, or “streamers,”
that extend between the electrodes. A maximum voltage is
recorded at about 5 10 A, where the device begins
to arc. Coronas are operated at currents below the onset
of arcing.
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Kim et al. [41] measured the electron and ion temperatures in
a plasma torch as a function of the radial and axial positions.
They found that varied from 7.0–9.0 eV, while was
an order of magnitude lower at 0.3–0.9 eV. In addition, they
observed electron densities near 3 10 cm .
In transferred arcs and plasma torches, extremely high tem-

peratures promote the complete dissociation of the feed gas.
For example, Fig. 8 shows the effect of the gas temperature
on the distribution of oxygen species and electrons in an
arc at 0.95 atm of oxygen [42]. The oxygen molecules are
approximately 99% dissociated with predominantly all of these
molecules being converted into O atoms. By contrast, the
concentrations of O , O , and O are several orders of
magnitude lower. These results are consistent with the energies
required to dissociate and ionize oxygen: (O ) 5.11 eV,

(O ) 6.48 eV, and (O) 13.62 eV [43].

IV. CORONA DISCHARGE
A corona discharge appears as a luminous glow localized

in space around a point tip in a highly nonuniform electric
field. The physics of this source is well understood [5], [8],
[12], [44]–[47]. The corona may be considered a Townsend
discharge or a negative glow discharge depending upon the
field and potential distribution [45]. Fig. 9 shows a schematic
of a point-to-plane corona. The apparatus consists of a metal
tip, with a radius of about 3 m, and a planar electrode
separated from the tip by a distance of 4–16 mm [47]. The

Fig. 8. Composition of an oxygen plasma arc at 0.95 atm as a function of
the temperature [42].
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plasma usually exists in a region of the gas extending about 0.5
mm out from the metal point. In the drift region outside this
volume, charged species diffuse toward the planar electrode
and are collected.
The restricted area of the corona discharge has limited

its applications in materials processing. In an attempt to
overcome this problem, two-dimensional arrays of electrodes
have been developed. Some applications of coronas include the
activation of polymer surfaces [48], [49], and the enhancement
of SiO growth during the thermal oxidation of silicon wafers
[50], [51].
Shown in Fig. 10 is the dependence of the voltage on the

current for a positive point-to-plane corona operating in air
at 760 torr [5], [52]. The plasma ignites at a voltage of 2–5
kV and produces an extremely small current of 10 –10 A.
Above 10 A, the voltage rapidly increases with current. This
coincides with the generation of micro-arcs, or “streamers,”
that extend between the electrodes. A maximum voltage is
recorded at about 5 10 A, where the device begins
to arc. Coronas are operated at currents below the onset
of arcing.
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plasma usually exists in a region of the gas extending about 0.5
mm out from the metal point. In the drift region outside this
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The restricted area of the corona discharge has limited

its applications in materials processing. In an attempt to
overcome this problem, two-dimensional arrays of electrodes
have been developed. Some applications of coronas include the
activation of polymer surfaces [48], [49], and the enhancement
of SiO growth during the thermal oxidation of silicon wafers
[50], [51].
Shown in Fig. 10 is the dependence of the voltage on the

current for a positive point-to-plane corona operating in air
at 760 torr [5], [52]. The plasma ignites at a voltage of 2–5
kV and produces an extremely small current of 10 –10 A.
Above 10 A, the voltage rapidly increases with current. This
coincides with the generation of micro-arcs, or “streamers,”
that extend between the electrodes. A maximum voltage is
recorded at about 5 10 A, where the device begins
to arc. Coronas are operated at currents below the onset
of arcing.
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its applications in materials processing. In an attempt to
overcome this problem, two-dimensional arrays of electrodes
have been developed. Some applications of coronas include the
activation of polymer surfaces [48], [49], and the enhancement
of SiO growth during the thermal oxidation of silicon wafers
[50], [51].
Shown in Fig. 10 is the dependence of the voltage on the

current for a positive point-to-plane corona operating in air
at 760 torr [5], [52]. The plasma ignites at a voltage of 2–5
kV and produces an extremely small current of 10 –10 A.
Above 10 A, the voltage rapidly increases with current. This
coincides with the generation of micro-arcs, or “streamers,”
that extend between the electrodes. A maximum voltage is
recorded at about 5 10 A, where the device begins
to arc. Coronas are operated at currents below the onset
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Fig. 10. Current–voltage characteristics for a positive point-to-plane corona
discharge with a gap of 13 mm in 1 atm of air [5].

Fig. 11. Concentrations of species in a corona discharge as a function of the
radial distance between the electrodes for a potential difference of
kV [53].

In the plasma near the tip, the density of charged species
rapidly decreases with distance from about 10 –10 cm [5],
[8]. The electron temperature within the plasma averages about
5 eV. In the drift region outside the discharge, the electron
density is much lower, near 10 cm .
Pontiga et al. [53] have modeled the distribution of species

within a negative corona discharge, operating with pure oxy-
gen at 760 torr and an applied voltage of 4.25 kV. His model
is based on a discharge between two coaxial electrodes, a wire
cathode, and an outer cylinder. Fig. 11 shows the concentration
of these species as a function of the radial distance. Ozone
is the dominant product at a concentration of 5 10
cm . Metastable oxygen molecules and O atoms are five to
six orders of magnitude lower in concentration. The ionized

Fig. 12. Schematic of a silent discharge; (1) metallic electrodes and (2)
dielectric barrier coating.

species are still lower at an average density of about 10
cm . This distribution of reaction products differs greatly
from that seen in a low-pressure glow discharge (cf. Figs. 4
and 5).

V. DIELECTRIC BARRIER DISCHARGE
Dielectric barrier discharges are also called “silent” and

“atmospheric-pressure-glow” discharges [6], [54]–[56]. A
schematic of this source is shown in Fig. 12. It consists
of two metal electrodes, in which at least one is coated with
a dielectric layer. The gap is on the order of several mm, and
the applied voltage is about 20 kV. The plasma is generated
through a succession of micro arcs, lasting for 10–100 ns, and
randomly distributed in space and time. These streamers are
believed to be 100 m in diameter and are separated from
each other by as much as 2 cm [6], [56]. Dielectric barrier
discharges are sometimes confused with coronas, because the
latter sources may also exhibit microarcing.
Dielectric barrier discharges have been examined for several

material processes, including the cleaning of metal surfaces
[57] and the plasma-assisted chemical vapor deposition of
polymers [56] and glass films [58]. However, since the plasma
is not uniform, its use in etching and deposition is limited to
cases where the surface need not be smooth. For example, in
the study of SiO deposition, it was found that the surface
roughness exceeded 10% of the film thickness [58].
Eliasson and coworkers [6], [54] have modeled silent dis-

charges and have concluded that the electron temperature
ranges from 1–10 eV. They have also simulated air and oxygen
discharges, and their results for pure oxygen at 760 torr are
shown in Fig. 13. The axis is time following the ignition of
a single micro arc, and the axis is the concentration relative
to the initial amount of oxygen 2 10 cm . Eliasson’s
model predicts that the electrons and ions exist for a very short
time, from 2–100 ns. These charged species produce O atoms,
which in turn react with oxygen molecules to produce ozone.
Beyond about 20 ms, the discharge achieves a steady-state
production of ozone of 0.1% of the initial oxygen density.
Silent discharges are efficient ozone generators, and this has
proven to be their principal industrial application [6].

VI. PLASMA JET
Shown in Fig. 14 is a schematic of an atmospheric-pressure

plasma jet [7], [59]. This new source consists of two concentric
electrodes through which a mixture of helium, oxygen, and
other gases flow. By applying 13.56 MHz RF power to the
inner electrode at a voltage between 100–250 V, the gas
discharge is ignited.
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and are collected.
The restricted area of the corona discharge has limited

its applications in materials processing. In an attempt to
overcome this problem, two-dimensional arrays of electrodes
have been developed. Some applications of coronas include the
activation of polymer surfaces [48], [49], and the enhancement
of SiO growth during the thermal oxidation of silicon wafers
[50], [51].
Shown in Fig. 10 is the dependence of the voltage on the

current for a positive point-to-plane corona operating in air
at 760 torr [5], [52]. The plasma ignites at a voltage of 2–5
kV and produces an extremely small current of 10 –10 A.
Above 10 A, the voltage rapidly increases with current. This
coincides with the generation of micro-arcs, or “streamers,”
that extend between the electrodes. A maximum voltage is
recorded at about 5 10 A, where the device begins
to arc. Coronas are operated at currents below the onset
of arcing.
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Fig. 10. Current–voltage characteristics for a positive point-to-plane corona
discharge with a gap of 13 mm in 1 atm of air [5].

Fig. 11. Concentrations of species in a corona discharge as a function of the
radial distance between the electrodes for a potential difference of
kV [53].

In the plasma near the tip, the density of charged species
rapidly decreases with distance from about 10 –10 cm [5],
[8]. The electron temperature within the plasma averages about
5 eV. In the drift region outside the discharge, the electron
density is much lower, near 10 cm .
Pontiga et al. [53] have modeled the distribution of species

within a negative corona discharge, operating with pure oxy-
gen at 760 torr and an applied voltage of 4.25 kV. His model
is based on a discharge between two coaxial electrodes, a wire
cathode, and an outer cylinder. Fig. 11 shows the concentration
of these species as a function of the radial distance. Ozone
is the dominant product at a concentration of 5 10
cm . Metastable oxygen molecules and O atoms are five to
six orders of magnitude lower in concentration. The ionized

Fig. 12. Schematic of a silent discharge; (1) metallic electrodes and (2)
dielectric barrier coating.

species are still lower at an average density of about 10
cm . This distribution of reaction products differs greatly
from that seen in a low-pressure glow discharge (cf. Figs. 4
and 5).

V. DIELECTRIC BARRIER DISCHARGE
Dielectric barrier discharges are also called “silent” and

“atmospheric-pressure-glow” discharges [6], [54]–[56]. A
schematic of this source is shown in Fig. 12. It consists
of two metal electrodes, in which at least one is coated with
a dielectric layer. The gap is on the order of several mm, and
the applied voltage is about 20 kV. The plasma is generated
through a succession of micro arcs, lasting for 10–100 ns, and
randomly distributed in space and time. These streamers are
believed to be 100 m in diameter and are separated from
each other by as much as 2 cm [6], [56]. Dielectric barrier
discharges are sometimes confused with coronas, because the
latter sources may also exhibit microarcing.
Dielectric barrier discharges have been examined for several

material processes, including the cleaning of metal surfaces
[57] and the plasma-assisted chemical vapor deposition of
polymers [56] and glass films [58]. However, since the plasma
is not uniform, its use in etching and deposition is limited to
cases where the surface need not be smooth. For example, in
the study of SiO deposition, it was found that the surface
roughness exceeded 10% of the film thickness [58].
Eliasson and coworkers [6], [54] have modeled silent dis-

charges and have concluded that the electron temperature
ranges from 1–10 eV. They have also simulated air and oxygen
discharges, and their results for pure oxygen at 760 torr are
shown in Fig. 13. The axis is time following the ignition of
a single micro arc, and the axis is the concentration relative
to the initial amount of oxygen 2 10 cm . Eliasson’s
model predicts that the electrons and ions exist for a very short
time, from 2–100 ns. These charged species produce O atoms,
which in turn react with oxygen molecules to produce ozone.
Beyond about 20 ms, the discharge achieves a steady-state
production of ozone of 0.1% of the initial oxygen density.
Silent discharges are efficient ozone generators, and this has
proven to be their principal industrial application [6].

VI. PLASMA JET
Shown in Fig. 14 is a schematic of an atmospheric-pressure

plasma jet [7], [59]. This new source consists of two concentric
electrodes through which a mixture of helium, oxygen, and
other gases flow. By applying 13.56 MHz RF power to the
inner electrode at a voltage between 100–250 V, the gas
discharge is ignited.
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of two metal electrodes, in which at least one is coated with
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the applied voltage is about 20 kV. The plasma is generated
through a succession of micro arcs, lasting for 10–100 ns, and
randomly distributed in space and time. These streamers are
believed to be 100 m in diameter and are separated from
each other by as much as 2 cm [6], [56]. Dielectric barrier
discharges are sometimes confused with coronas, because the
latter sources may also exhibit microarcing.
Dielectric barrier discharges have been examined for several

material processes, including the cleaning of metal surfaces
[57] and the plasma-assisted chemical vapor deposition of
polymers [56] and glass films [58]. However, since the plasma
is not uniform, its use in etching and deposition is limited to
cases where the surface need not be smooth. For example, in
the study of SiO deposition, it was found that the surface
roughness exceeded 10% of the film thickness [58].
Eliasson and coworkers [6], [54] have modeled silent dis-

charges and have concluded that the electron temperature
ranges from 1–10 eV. They have also simulated air and oxygen
discharges, and their results for pure oxygen at 760 torr are
shown in Fig. 13. The axis is time following the ignition of
a single micro arc, and the axis is the concentration relative
to the initial amount of oxygen 2 10 cm . Eliasson’s
model predicts that the electrons and ions exist for a very short
time, from 2–100 ns. These charged species produce O atoms,
which in turn react with oxygen molecules to produce ozone.
Beyond about 20 ms, the discharge achieves a steady-state
production of ozone of 0.1% of the initial oxygen density.
Silent discharges are efficient ozone generators, and this has
proven to be their principal industrial application [6].

VI. PLASMA JET
Shown in Fig. 14 is a schematic of an atmospheric-pressure

plasma jet [7], [59]. This new source consists of two concentric
electrodes through which a mixture of helium, oxygen, and
other gases flow. By applying 13.56 MHz RF power to the
inner electrode at a voltage between 100–250 V, the gas
discharge is ignited.
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SCHÜTZE er al.: ATMOSPHERIC-PRESSURE PLASMA JET 1691

Fig. 17. Schematic of a cold plasma torch (m.b. matchbox) [62].

TABLE I
BREAKDOWN VOLTAGES OF THE PLASMA DISCHARGES

Fig. 17. The powered electrode consists of a metal needle with
a thickness of 1 mm. This needle is inserted into a grounded
metal cylinder. In addition, a quartz tube is placed between
the cathode and anode, which makes this device resemble a
dielectric barrier discharge. Mixtures of rare gases, He and Ar,
and other species are fed between the metal needle and quartz
tube at flow velocities of about 5 m/s at 200–400 C. The gases
are ionized and exit the source as a small jet. Koinuma and
coworkers have employed the cold plasma torch in a number of
materials processes, including silicon etching [62], photoresist
ashing [63], deposition of SiO , and TiO films [64]–[67],
treatment of vulcanized rubber [68], and the production of
fullerenes [69].
Koinuma and coworkers [69] measured the electron temper-

ature in the plasma effluent with a Langmuir probe and found
it to be between 1–2 eV depending on the gas composition.

VIII. COMPARISON OF PLASMA SOURCES
Low-pressure plasma discharges are widely used in ma-

terials processing, because they have a number of distinct
advantages: 1) low breakdown voltages; 2) a stable operating
window between spark ignition and arcing; 3) an electron
temperature capable of dissociating molecules (1–5 eV), but a
low neutral temperature; 4) relatively high concentrations of
ions and radicals to drive etching and deposition reactions; and
5) a uniform glow over a large gas volume. It is instructive to
compare atmospheric-pressure plasmas against these criteria,
to see if any of these sources can match the performance of
low-pressure discharges.
Shown in Table I are breakdown voltages for the different

plasma sources. The plasma jet has a below that of
a low-pressure discharge, whereas the other atmospheric-

TABLE II
DENSITIES OF CHARGE SPECIES IN THE PLASMA DISCHARGES

Fig. 18. Comparison of the gas and electron temperatures for different
atmospheric-pressure plasmas versus low-pressure plasmas.

pressure plasmas have breakdown voltages above 10 kV. A
comparison of the – curves reveals that the corona and
the plasma jet exhibit normal and abnormal glow regions that
are characteristic of a weakly ionized plasma. However, the
current in a corona is limited to below 10 A, which is
insufficient to ionize a reasonable volume of the gas.
Presented in Table II are the densities of charged species

in the different plasma discharges. Except for the transferred
arc and plasma torch, all the plasmas exhibit electron densities
in the same range as a low-pressure discharge. However, in
the corona and the dielectric barrier discharge, the plasma
is restricted to a small region of space and is not available
for uniformly treating large substrate areas. Recent results
obtained in our laboratory indicate that the plasma jet can be
scaled up to dimensions required in industrial processes [70].
Shown in Fig. 18 are the ranges of neutral and electron

temperatures that apply to each plasma discharge. The plasma
jet and corona clearly fall within the range commonly utilized
in low-pressure plasma discharges. The electron temperature of
the plasma jet is estimated to be between 1–2 eV. However,
there is a sufficient population of electrons at energies high
enough to dissociate many molecules, including O and N
[70].
Listed in Table III are the average densities of oxygen ions,

oxygen atoms, and ozone in the different atmospheric-pressure
plasma discharges. Since the dielectric barrier discharge op-
erates as a series of transient microarcs, it is difficult to
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TABLE III
DENSITIES OF OXYGEN SPECIES IN THE PLASMA DISCHARGES

obtain time-averaged values for the reactive species. However,
perusal of the literature suggests that the time averaged con-
centrations should be similar to those found in a corona. Also,
the values shown for the plasma jet correspond to the gas in
between the electrodes. In the downstream jet, the distribution
of species changes as indicated in Fig. 16.
In the corona and dielectric barrier discharge, ozone is the

main reaction product, whereas in the other plasmas, oxygen
atoms represent a large fraction of the reactive species. In a
low-pressure glow discharge the concentrations of ions and
atoms are lower than in an atmospheric-pressure plasma.
However, the impingement rate of these species on a substrate
may be about the same in both cases, since the flux to
the surface increases with decreasing pressure. Taking into
account all the properties of the plasmas, it appears that the
atmospheric-pressure plasma jet exhibits the greatest similarity
to a low-pressure glow discharge. Consequently, this device
shows promise for being used in a number of materials
applications that are now limited to vacuum.
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Springer-Verlag, 1956, pp. 53–208.

[14] W. Elenbaas, The High Pressure Mercury Vapor Discharge. Amster-
dam, The Netherlands: North-Holland, 1951.

[15] E. Pfender, “Electric arcs and arc heaters,” in Gaseous Electronics, vol.
1, M. N. Hirsh and H. J. Oskam, Eds. New York: Academic, 1978.

[16] M. Shibata, N. Nakano, and T. Makabe, “Effect of O on plasma
structures in oxygen radio frequency discharges,” J. Appl. Phys., vol.
80, no. 11, pp. 6142–6147, 1996.

[17] K. S. Klopovskii, A. M. Popov, A. T. Rakhimov, T. V. Rakhimov,
and V. A. Feoktistov, “Self-consistent model of an discharge at low
pressure in an oxygen plasma,” Plasma Phys. Rep., vol. 19, no. 7, pp.
473–477, 1993.

[18] G. S. Selwyn, “Spatially resolved detection of O atoms in etching
plasmas by two-photon laser-induced fluorescence,” J. Appl. Phys., vol.
60, no. 8, pp. 2771–2774, 1986.

[19] S. Ramakrishnan and M. W. Rogozinski, “Properties of electric arc
plasma for metal cutting,” J. Appl. Phys. D, vol. 30, pp. 636–644, 1997.

[20] V. A. Nemchinsky, “Dross formation and heat transfer during plasma
arc cutting,” J. Appl. Phys. D, vol. 30, pp. 2566–2572, 1997.

[21] D. R. Mac Rae, “Plasma arc process systems, reactors, and applications,”
Plasma Chem. Plasma Process., vol. 9, no. 1, pp. 85S–118S, 1989.

[22] W. H. Gauvin, “Some characteristics of transferred-arc plasmas,”
Plasma Chem. Plasma Process., vol. 9, no. 1, pp. 65S–84S, 1989.

[23] G. Laroche and M. Orfeuil, Plasma in Industry. Avon, France: Doppée
Collection, 1989, p. 699.

[24] J. Heberlein and E. Pfender, “Thermal plasma chemical vapor deposi-
tion,” in Materials Science Forum, J. J. Pouch and S. A. Alterovitz, Ed.
Aedermannsdorf, Switzerland: Trans. Tech. Publications Ltd., 1993, vol.
140–142, pp. 477–496.

[25] P. Fauchais, M. Vardelle, A. Vardelle, and L. Bianchi, “Plasma spray:
Study of the coating generation,” Ceram. Int., vol. 22, no. 4, pp.
295–303, 1996.

[26] T. Yoshida, “The future of thermal plasma processing,”Materials Trans.,
JIM, vol. 31, no. 1, pp. 1–11, 1990.

[27] Y. Chang, R. M. Young, and E. Pfender, “Silicon nitride synthesis in an
atmospheric pressure convection-stabilized arc,” Plasma Chem. Plasma
Process., vol. 9, no. 2, pp. 277–289, 1989.

[28] N. Kubota, M. Ayabe, T. Fukuda, and M. Akashi, “Characterization of
TiO thick films photoelectrodes prepared by the plasma-spray coating,”
Mater. Res. Soc., vol. 458, pp. 449–452, Dec. 1997.

[29] A. G. Cunha, M. T. D. Orlando, F. G. Emmerich, C. Larica, and E. M.
Baggio-Saitovitch, “Optimization of Yba Cu O superconducting thick
layers produced by plasma spray technique,” Physica C, vol. 282–287,
pp. 489–490, 1997.

[30] J. R. Fincke, W. D. Swank, and D. C. Haggard, “Plasma spray
of alumina: Plasma and particle flow fields,” Plasma Chem. Plasma
Process., vol. 13, no. 4, pp. 579–600, 1993.

[31] Z. P. Lu, L. Stachowicz, P. Kong, J. Heberlein, and E. Pfender,
“Diamond synthesis by thermal plasma CVD at 1 atm,” Plasma Chem.
Plasma Process., vol. 11, no. 3, pp. 387–394, 1991.

[32] Z. P. Lu, J. Heberlein, and E. Pfender, “Process study of thermal plasma
chemical vapor deposition of diamond—Part I: Substrate material, tem-
perature, and methane concentration,” Plasma Chem. Plasma Process.,
vol. 12, no. 1, pp. 35–53, 1992.

[33] , “Process study of thermal plasma chemical vapor deposition
of diamond—Part II: Pressure dependence and effect of substrate
pretreatment,” Plasma Chem. Plasma Process., vol. 12, no. 1, pp. 55–69,
1992.

[34] J. M. Olson and M. J. Dawes, “Examination of the material properties
and performance of thin-diamond film cutting tool inserts produced by
arc-jet and hot filament chemical vapor deposition,” J. Mater. Res., vol.
11, no. 7, pp. 1765–1775, 1996.

[35] S. K. Baldwin, Jr., T. G. Owano, and C. H. Kruger, “Growth rate
studies of CVD diamond in an RF plasma torch,” Plasma Chem. Plasma
Process., vol. 14, no. 4, pp. 383–406, 1994.

[36] S. K. Baldwin, Jr., T. G. Owano, M. Zhao, and C. H. Kruger, “Enhanced
deposition rate of diamond in atmospheric pressure plasma CVD: Effects
of a secondary discharge,” Diam. Relat. Mater., vol. 6, no. 2–4, pp.
202–206, 1997.

[37] L. Pawlowski and P. Fauchais, “Thermally sprayed coatings for electri-
cal and electronic applications,” in Materials Science Forum, J. J. Pouch
and S. A. Alterovitz, Eds. Aedermannsdorf, Switzerland: Trans. Tech.
Publications Ltd., 1993, vol. 140–142, pp. 497–520.

[38] S. Ramakrishnan, M. Gershenzon, F. Polivka, T. N. Kearney, and M. W.
Rogozinski, “Plasma generation for the plasma cutting process,” IEEE
Trans. Plasma Sci., vol. 25, pp. 937–946, Oct. 1997.

[39] C. H. Kruger, “Nonequilibrium effects in thermal plasma chemistry,”
Plasma Chem. Plasma Process., vol. 9, no. 4, pp. 435–443, 1989.

[40] C. H. Kruger, T. G. Owano, and C. O. Laux, “Experimental investigation
of atmospheric pressure nonequilibrium plasma chemistry,” IEEE Trans.
Plasma Sci., vol. 25, pp. 1042–1051, Oct. 1997.

[41] H. Kim and S. H. Hong, “Comparative measurements on thermal plasma
jet characteristics in atmospheric and low pressure plasma sprayings,”

1692 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 26, NO. 6, DECEMBER 1998

TABLE III
DENSITIES OF OXYGEN SPECIES IN THE PLASMA DISCHARGES

obtain time-averaged values for the reactive species. However,
perusal of the literature suggests that the time averaged con-
centrations should be similar to those found in a corona. Also,
the values shown for the plasma jet correspond to the gas in
between the electrodes. In the downstream jet, the distribution
of species changes as indicated in Fig. 16.
In the corona and dielectric barrier discharge, ozone is the

main reaction product, whereas in the other plasmas, oxygen
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A nitrogen microplasma jet operated at atmospheric pressure was developed for treating thermally
sensitive materials. For example, the plasma sources in treatment of vulnerable biological materials
must operate near the room temperature at the atmospheric pressure, without any risk of arcing or
electrical shock. The microplasma jet device operated by an electrical power less than 10 W
exhibited a long plasma jet of about 6.5 cm with temperature near 300 K, not causing any harm to
human skin. Optical emission measured at the wide range of 280–800 nm indicated various reactive
species produced by the plasma jet. © 2006 American Institute of Physics.
#DOI: 10.1063/1.2400078$

Nonthermal plasmas generated at reduced pressure have
well established for broad applications in material science.
Nonthermal atmospheric plasmas get much attention lately
because they can provide a cheaper and more convenient
alternative in comparison with low-pressure plasmas.1 Vari-
ous configurations and applications of nonthermal plasmas
have been extensively investigated nowadays. Capacitively
coupled radio-frequency !rf" discharges are studied in con-
nection with material surface processing2,3 and plasma dis-
play panels,4 dc microhollow cathode discharges can serve as
efficient sources of vacuum UV radiation,5,6 and dielectric
barrier discharges have been turned out to be useful in sur-
face modification and gas conversion.7,8 More recently, much
effort is endowed in creating an appropriate plasma source
for biomedical applications.9–11 Particularly, Stoffels et al.12

developed a nondestructive atmospheric plasma source, so
called rf plasma needle, for the study of the plasma interac-
tions with living cells and tissues. Such a source has to meet
many requirements to be suitable in applications for treating
thermally sensitive materials. For instance, the plasma source
for biomedical applications must provide truly nonthermal
plasma working at atmospheric pressure and near the room
temperature without any electrical and chemical risks. The
microhollow discharge occurs by applying external dc or
time-varying voltage electrodes. Tens or hundreds of micro-
sized cathode cavity is then formed in reduced pressure, con-
fining the glow discharge in inert gases.5,6,13,14 Meanwhile,
we present a microplasma jet device operated at the atmo-
spheric pressure, which can produce a long cold plasma jet
of several centimeters in nitrogen gas and which might be
useful in treating thermally sensitive materials.

Figure 1 is a schematic presentation of the microplasma
jet device at atmospheric pressure. The ac power supplier is
a commercially available transformer for neon light operated
at 20 kHz. The applied voltage is connected to two elec-
trodes with a hole of 500 !m diameter, through which nitro-
gen gas is flowing. Each of the two electrodes is made of an
aluminum disk with 20 mm diameter and 3 mm thickness
attached to the surface of a centrally perforated dielectric
disk with 1.5 mm thickness. The hole in the center of the
dielectric disk has the same diameter with the electrodes. The

dielectric disk can be made of glass, quartz, Teflon, etc. The
assembled electrodes and dielectric disks are inserted in a
dielectric case of the same diameter as that of the dielectric
disk. To prevent an electrical shock and damage caused from
electrode by accidental contact to human body, the front
electrode is also covered with the cylindrical dielectric case,
as shown in Fig. 1. The dielectric case has the same size of
hole as that of the electrode. Once nitrogen is introduced
through the aligned holes of the electrodes and dielectric
disks, and ac high voltage is applied, a discharge is fired in
the gap between the electrodes and a long plasma jet reach-
ing lengths up to 6.5 cm is ejected to open air through the
front electrode, as shown in the inset of Fig. 1. Therefore, the
device can be handheld, and the long and narrow plasma jet
of the device can be directed towards a target surface.

Because the nitrogen microplasma jet in Fig. 1 remains
near the room temperature, it can be touched by bare hands
or scanned on human skin without establishing any conduc-
tive pathway. As one example for treating a vulnerable tar-
get, Fig. 2 reveals a photograph of the microplasma jet in
contact with bare hand. From the measurement of gas tem-
perature by a thermocouple, it was shown that the tempera-
ture of the plasma jet at 2 cm from the dielectric case was
below 300 K. In Fig. 2, the plasma operated at 6.3 lpm !liters
per minute" nitrogen was ejected at the speed of approxi-
mately 535 m/s, producing afterglow at high pressure and
cooling down to the room temperature. The microplasma de-
vice can also produce a short plasma less than 5 mm in

a"Author to whom corresondence should be addressed; electronic mail:
ychong@ajou.ac.kr

FIG. 1. !Color online" Schematic presentation of a simple nitrogen micro-
plasma jet device at atmospheric pressure. The inset is the photograph of the
microplasma jet at 6.3 lpm N2.
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length such as the device known as the plasma needle9,12 by
controlling gas flow rate and applied voltage.

The measured voltage and the discharge current charac-
teristic to the present microplasma jet device are shown in
Fig. 3, when 3 lpm nitrogen was injected. The length of the
plasma jet for this flow rate was about 3.3 cm. The black and
gray lines represent the measured voltage and discharge cur-
rent, respectively. The peak-to-peak voltage and current were
1.92 kV !0.28 kV in rms" and 1.02 A !0.038 A in rms", re-
spectively. The discharge pattern showed sharp current
pulses occurred mainly at a steep voltage gradient, though
the peak current value varied. This is more apparent from a
close-up in the inset of the part marked with dotted line in
Fig. 3. This seems to be similar to that in atmospheric-
pressure glow discharge sustained between two parallel-plate
electrodes.15 The typical operational power of the plasma jet
is about 10 W. The electron temperature Te can be roughly
calculated from swarm parameters of electrons in nitrogen as
well-known Einstein’s equation, kBTe /e#De /!e, where !e,
kB, and De are drift mobility, Boltzmann constant
!1.38"10−23 J /K", and the diffusion constant, which is ex-
pressed as a function of E /N. From Fig. 3, the electric field E
is estimated to be 12.8 kV/cm, which is consistent to
5.1"10−16 V cm2 $#51 Td !tomosecond"% in reduced elec-
tric field E /N.16 According to Nakamura,17 the ratio of the
diffusion coefficient to the electron mobility is given by
De /!e=0.53 V for E /N=51 Td. As the results, the electron
temperature is predicted to be 0.56 eV from the Einstein
equation. The averaged electron density !ne" can also be es-
timated from the electrical parameters of the discharge, the

electric field E, the current density J, and the electron mo-
bility !e. The electron density is defined as ne=J / !E!ee". As
an example, we consider nitrogen plasma at 1 atm. The re-
duced electric field !E / P" is estimated to be
16.84 !V/cm Torr", which gives a value of !ep for nitrogen
gas as 0.42"106 cm2 Torr/V s.16 The current density was
obtained from Figs. 1 and 3 to be 19.38 A/cm2 by consider-
ing the effective discharge radius between the two electrodes.
Eventually, the electron density is estimated to be
1.71"1013/cm3 at the midplane in the diode where the dis-
charge occurs.

The gas temperature was estimated by making use of an
optical spectroscopy, as shown in Fig. 4. The rotational struc-
ture of diatomic gases provides information of the rotational
temperature. Molecules in the rotational states and the neu-
tral gas molecules are in equilibrium due to the low energies
needed for rotational excitation and the short transition
times. Therefore, the gas temperature can be obtained from
the rotational temperature.3 The experimental spectrum in
Fig. 4 was obtained at the same experimental parameters as
that of Fig. 3. By comparing measured and simulated optical
emissions of OH radicals around 309 nm with a spectral
resolution of 0.3 nm,18 gas temperature was found to be ap-
proximately 290 K in a good agreement with measured data
by a thermocouple, as mentioned earlier, revealing low-
temperature operation, the most important parameter in bio-
medical applications. This is similar to the observation from
a pulsed cold atmospheric plasma jet.19

To identify various excited plasma species generated by
the microplasma jet device, optical emission spectroscopy
was applied in a wide range of 280–800 nm wavelengths.
Figure 5 shows the optical emissions of the microplasma jet,
when 3 lpm nitrogen gas was injected. The emission spec-
trum was mainly dominated by the presence of excited nitro-
gen species, containing N2 second and first positive
systems.20 In addition, highly reactive radicals such as hy-
droxyl !OH" at 308.9 nm and atomic oxygen at 616 and
777.1 nm were detected due to the opening to the ambient
air. These radicals can play important roles in plasma-surface
interactions in applications.

In summary, the nitrogen microplasma jet device pow-
ered by a commercially available power supplier showed a

FIG. 2. !Color online" Photograph of the N2 microplasma jet in contact with
human skin.

FIG. 3. !Color online" Measured voltage and discharge current of the N2
microplasma jet of Fig. 1 with applied voltage with a sine wave form. The
inset is a magnified view of the part marked with dotted line.

FIG. 4. Gas temperature estimated from measured and simulated optical
emissions of OH molecules near 309 nm with a spectral resolution of
0.3 nm for the N2 microplasma jet at atmospheric pressure.
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Angiogenesis is the formation of new blood vessels from pre-existing vessels and normally occurs
during the process of inflammatory reactions, wound healing, tissue repair, and restoration of blood
flow after injury or insult. Stimulation of angiogenesis is a promising and an important step in the
treatment of peripheral artery disease. Reactive oxygen species have been shown to be involved in
stimulation of this process. For this reason, we have developed and validated a non-equilibrium
atmospheric temperature and pressure short-pulsed dielectric barrier discharge plasma system,
which can non-destructively generate reactive oxygen species and other active species at the sur-
face of the tissue being treated. We show that this plasma treatment stimulates the production of
vascular endothelial growth factor, matrix metalloproteinase-9, and CXCL 1 that in turn induces
angiogenesis in mouse aortic rings in vitro. This effect may be mediated by the direct effect of
plasma generated reactive oxygen species on tissue. VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4933403]

I. INTRODUCTION

Peripheral Artery Disease (PAD) is characterized by a
decrease in blood flow to the extremities (ischemia) and is
associated with pain and often loss of limb function or even
the limb itself. A major goal of therapy is to stimulate vascu-
logenesis in ischemic limbs, either through the growth of
new vessels or through collateral angiogenesis from existing
vessels.1 Angiogenesis, the growth of new blood vessels,
normally occurs during the process of inflammatory reac-
tions, wound healing, tissue repair, and restoration of blood
flow after injury or insult. Physiologically, angiogenesis is
required to meet the increased nutritional and oxygen needs
during embryogenesis and growth, but is a rare phenomenon
in healthy adult tissues.2

Formation of new capillaries is a multi-step process. It
begins with the degradation of endothelial basement mem-
brane and the local extracellular matrix to make space for
the growing vessels. This is followed by induction of
migration and proliferation of endothelial cells. Finally,
factors that inhibit angiogenesis are produced to regulate
the vascular network and allow for maturation of capilla-
ries.3 Hence, there is a balance between growth promoting
and growth inhibiting processes resulting in a tight control
over angiogenesis.

Any disturbance in the equilibrium results in either too
much or too little capillary growth and is recognized as an
essential component of many serious diseases such as can-
cers, cardiovascular disease, strokes, diabetic ulcers, and
macular degeneration.4

Various growth factors essential for angiogenesis have
been identified. Vascular Endothelial Growth Factor (VEGF-A)
is one of the most important regulators of angiogenesis.4,5

Its production by macrophages and stromal cells is stimu-
lated by Reactive Oxygen Species (ROS).6,7 Macrophages
are also a potent source of Matrix metalloproteinase-9
(MMP-9), also known as Collagenase, which breaks down
the basal lamina in blood vessels and extracellular matrix to
make room for new vessels.8 Another important molecule,
CXCL 1, is a chemokine secreted by both macrophages and
endothelial cells. It is important for migration and prolifera-
tion of endothelial cells.9,10 Angiogenesis is a complex pro-
cess and multiple other factors play a role, for example,
Interleukin 8, Interleukin 19, Fibroblast Growth Factor,
Platelet Derived Endothelial Growth Factor, etc.11–13 The
key cells involved in the process of angiogenesis include en-
dothelial cells, stromal cells, and macrophages.13 Their acti-
vation, juxtacrine communication, and coordination are a
tightly regulated process. A number of factors required for
angiogenesis are produced by endothelial cells and macro-
phages, mononuclear phagocytic cells that are ubiquitously
present.14,15

Available pro-angiogenic strategies for PAD include
growth factor/cytokine therapy, gene therapy, and stem cell
therapy. While promising in the laboratory, growth factor
based therapies have only been partially successful in clini-
cal trials.11 Current research approaches are focused on mod-
ulation of growth factor delivery to achieve sustained,
temporal release by employing newly engineered biomateri-
als.16 Stem cell based therapies face other limitations and
their clinical efficacy is not yet well proven.17 Genetic engi-
neering approaches are being used to optimize the survival,
homing, and growth factor production by stem cells.18
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Combination therapies are also being tried. Based on limitations
of current, systemic therapies, what is needed is a non-invasive,
localized therapy to induce angiogenesis in the ischemic limb.
Dielectric barrier discharge (DBD) plasma is a promising, non-
invasive approach for the treatment of PAD.

We have previously shown that DBD plasma can stimu-
late the migration of cultured macrophages in an in vitro
wound healing scratch assay.19 Short-pulsed non-equilibrium
atmospheric pressure plasmas have been shown to produce
high concentrations of reactive oxygen and reactive nitrogen
species, charges, and ultraviolet radiation.20,21 Specifically,
the authors have developed a Floating Electrode-DBD (FE-
DBD) system that allows safe application of Non-Thermal
Plasma (NTP) to cells and living tissues without damage.22,23

FE-DBD systems generate plasma in direct contact with tis-
sue by applying fast, high voltage pulses between a quartz
dielectric-covered copper electrode and the biological target.
Active species known for their biochemical activity, gener-
ated by NTP, include H2O2, OH, N2

þ, O2
", O2(1Dg), NO,

ONOO•, and others.24

We hypothesize that since non-thermal plasma can stim-
ulate macrophage function,19 cells important for VEGF-A,
MMP-9, and CXCL 1 secretion, and since ROS are impor-
tant signaling molecules for angiogenesis via VEGF-A secre-
tion, DBD treatment of aortic rings will induce angiogenesis.
In this manuscript, we use mouse aortic rings to determine if
non-thermal DBD plasma treatment can elicit angiogenesis.
This assay is a commonly used, physiologically relevant
model to identify angiogenic factors in the absence of ische-
mia and inflammation.

II. MATERIALS AND METHODS

A. Aortic ring assay

The aortic ring assay was performed as described by
Jain et al.12 Aorta from C57B6 mice (8–10 weeks old) were
removed from arch to renal arteries under sterile conditions
and placed in sterile phosphate buffered saline (PBS) con-
taining penicillin and streptomycin (pen-strep). Perivascular
fat was removed and the aorta was cut into 3 mm rings.
Matrigel (BD 356231) was thawed overnight at 4 #C and
kept on ice throughout the procedure to prevent polymeriza-
tion. Fifty microliter of matrigel was added to each well of a
24 well plate. To identify the safe therapeutic dose range,
each aortic ring was plasma treated at a different energy
(0.3 J corresponding to 50 Hz, 4.6 J corresponding to 830 Hz,
and 5.6 J corresponding to 1000 Hz) and then placed in
matrigel in the prepared plate. The plate was incubated for
30 min at 37 #C. 100 ll of matrigel was added on top to
cover each ring, and the plate was incubated for another 15
min at 37 #C. Then 700 ll of MCDB media (Corning
15–100-CV) containing pen-strep, L-glutamine, and 10%
Fetal Bovine Serum (FBS) by volume was slowly added to
each well. Four hundred ng/ml VEGF-A was added to appro-
priate wells. Aortic rings were examined daily, and digital
images were taken at day 7 for quantitative analysis of the
area of vessel outgrowth by the SPOT Advanced imaging
program (Media Cybernetics, Sterling Heights, MI).
Microvessel outgrowth was calculated using the Image J

analysis program by circling the extent of microvessel out-
growth at 7 days, and subtracting the area of the aortic ring.
All animal procedures were approved by the Institutional
Animal Care and Use Committee of Temple University. At
the end of the experiment, RNA was extracted from repre-
sentative aortic rings and analyzed by Reverse Transcription
Polymerase Chain Reaction (qRT-PCR). The following ex-
perimental groups were included in the study:

(a) Negative control: Aortic rings with no treatment
(b) Plasma experimental group: Aortic rings with msDBD

plasma treatment
(c) Positive control: Aortic rings with VEGF treatment
(d) Synergy experimental group: Aortic rings with VEGF

and msDBD plasma treatment

B. Microsecond pulsed DBD treatment

Treatment of the aortic rings was performed on glass
slides with microsecond pulsed DBD (msDBD) plasma
(Fig. 1). Plasma was produced by applying a voltage pulse of
approximately 20 kV between the high voltage electrode and
a grounded metal plate underneath the slide.24,25 Aortic rings
were at floating potential. Treatment time and gap distance
were fixed at 10 s and 2 mm, respectively, and the frequency
was internally controlled. Three frequencies, 50, 830, and
1000 Hz, were used for low, medium, and high plasma
treatment. The energy per pulse of a single msDBD plasma
discharge was measured and calculated using the methods
stated in our previous work.26 This was found to be
0.56 mJ/pulse, and the total energy delivered to the cells
(dose) during treatment for the three frequencies are 0.3 mJ
(50 Hz), 4.6 mJ (830 Hz), and 5.6 mJ (1000 Hz). Tissue was
immediately transferred to a 24-well plate well containing
matrigel.

C. RT-PCR

Total RNA was isolated from control and stimulated
aortic rings. One microgram of total RNA was reverse tran-
scribed by standard methods as described.12 MMP-9 and
GAPDH mRNA were targeted using primer pairs from
Integrated DNA Technologies, (Coralville, IA), SYBR green

FIG. 1. Photograph of the microsecond-pulsed dielectric barrier discharge
generated on top of a glass slide.
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of current, systemic therapies, what is needed is a non-invasive,
localized therapy to induce angiogenesis in the ischemic limb.
Dielectric barrier discharge (DBD) plasma is a promising, non-
invasive approach for the treatment of PAD.

We have previously shown that DBD plasma can stimu-
late the migration of cultured macrophages in an in vitro
wound healing scratch assay.19 Short-pulsed non-equilibrium
atmospheric pressure plasmas have been shown to produce
high concentrations of reactive oxygen and reactive nitrogen
species, charges, and ultraviolet radiation.20,21 Specifically,
the authors have developed a Floating Electrode-DBD (FE-
DBD) system that allows safe application of Non-Thermal
Plasma (NTP) to cells and living tissues without damage.22,23

FE-DBD systems generate plasma in direct contact with tis-
sue by applying fast, high voltage pulses between a quartz
dielectric-covered copper electrode and the biological target.
Active species known for their biochemical activity, gener-
ated by NTP, include H2O2, OH, N2

þ, O2
", O2(1Dg), NO,

ONOO•, and others.24

We hypothesize that since non-thermal plasma can stim-
ulate macrophage function,19 cells important for VEGF-A,
MMP-9, and CXCL 1 secretion, and since ROS are impor-
tant signaling molecules for angiogenesis via VEGF-A secre-
tion, DBD treatment of aortic rings will induce angiogenesis.
In this manuscript, we use mouse aortic rings to determine if
non-thermal DBD plasma treatment can elicit angiogenesis.
This assay is a commonly used, physiologically relevant
model to identify angiogenic factors in the absence of ische-
mia and inflammation.
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Fetal Bovine Serum (FBS) by volume was slowly added to
each well. Four hundred ng/ml VEGF-A was added to appro-
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images were taken at day 7 for quantitative analysis of the
area of vessel outgrowth by the SPOT Advanced imaging
program (Media Cybernetics, Sterling Heights, MI).
Microvessel outgrowth was calculated using the Image J

analysis program by circling the extent of microvessel out-
growth at 7 days, and subtracting the area of the aortic ring.
All animal procedures were approved by the Institutional
Animal Care and Use Committee of Temple University. At
the end of the experiment, RNA was extracted from repre-
sentative aortic rings and analyzed by Reverse Transcription
Polymerase Chain Reaction (qRT-PCR). The following ex-
perimental groups were included in the study:

(a) Negative control: Aortic rings with no treatment
(b) Plasma experimental group: Aortic rings with msDBD

plasma treatment
(c) Positive control: Aortic rings with VEGF treatment
(d) Synergy experimental group: Aortic rings with VEGF

and msDBD plasma treatment

B. Microsecond pulsed DBD treatment

Treatment of the aortic rings was performed on glass
slides with microsecond pulsed DBD (msDBD) plasma
(Fig. 1). Plasma was produced by applying a voltage pulse of
approximately 20 kV between the high voltage electrode and
a grounded metal plate underneath the slide.24,25 Aortic rings
were at floating potential. Treatment time and gap distance
were fixed at 10 s and 2 mm, respectively, and the frequency
was internally controlled. Three frequencies, 50, 830, and
1000 Hz, were used for low, medium, and high plasma
treatment. The energy per pulse of a single msDBD plasma
discharge was measured and calculated using the methods
stated in our previous work.26 This was found to be
0.56 mJ/pulse, and the total energy delivered to the cells
(dose) during treatment for the three frequencies are 0.3 mJ
(50 Hz), 4.6 mJ (830 Hz), and 5.6 mJ (1000 Hz). Tissue was
immediately transferred to a 24-well plate well containing
matrigel.

C. RT-PCR

Total RNA was isolated from control and stimulated
aortic rings. One microgram of total RNA was reverse tran-
scribed by standard methods as described.12 MMP-9 and
GAPDH mRNA were targeted using primer pairs from
Integrated DNA Technologies, (Coralville, IA), SYBR green

FIG. 1. Photograph of the microsecond-pulsed dielectric barrier discharge
generated on top of a glass slide.
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