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Electrical and Optical Characterization of
Atmospheric-Pressure Helium Plasma Jets
Generated With a Pin Electrode: Effects
of the Electrode Material, Ground Ring

Electrode, and Nozzle Shape
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Abstract— This paper tests various design and operation para-
meters in atmospheric-pressure helium plasma jets generated
with a pin electrode to provide a plasma environment well suited
for material processing or biomedical applications. The effects
of the pin electrode materials (Cu, W, and Al), the position, and
the width of a ground ring electrode on the characteristics of
the jets are studied. The inner quartz tube encompassing the
pin electrode and two types of the outer quartz tubes (straight
or tapered cylinder shape) are employed, and their effects are
investigated. The electrical characteristics of the plasma jets
are measured by current–voltage measurements and analyzed
by the equivalent circuit model. The optical characteristics of
the discharges are obtained by optical emission spectroscopy to
identify various excited plasma species produced in the plasma
jets. Optical emission spectra are also obtained at different
positions along the coaxial direction. A variety of choices in
design parameters and operation parameters are undertaken to
determine optimal conditions and elucidate the properties of the
plasma jets.

Index Terms— Atmospheric-pressure plasma (APP) jet,
equivalent circuit model of plasma jets, pin electrode, plasma
plume.

I. INTRODUCTION

NONEQUILIBRIUM atmospheric-pressure plasmas
(APPs) have drawn intense interest in current

low-temperature plasma research because of their
immense potential for material processing and biomedical
applications [1]. The advantage of APPs is that, while
providing a significant number of active species, such as
radicals, electrons, and ions, the gas can be maintained at
room temperature. A low gas temperature is an essential
feature in the application of plasmas in the fields of biology
and medicine and in treating thermally sensitive materials
because it ensures less damage to samples. In particular,
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APP jet sources can produce local nonthermal plasma,
characterized by flexibility, compactness, and efficiency.
Since APP jets generate plasma plumes in open space
surrounding air rather than in confined discharge gaps, they
can be used for direct treatment and there are no limitations
on the sizes of the objects to be treated.

The plasma generation in APP jets relies on various mech-
anisms: corona discharge, streamer discharge, and dielectric
barrier discharge (DBD) [2]–[6]. Corona discharges appear
as a luminous glow localized in space around a point tip
(or wire) in a highly nonuniform electric field. DBDs operating
at atmospheric pressure are driven by a pulsed or sinusoidal
voltage at frequencies from 50 Hz up to several tens of
kilohertz (even up to RF), and at least one of the electrodes
has an insulating layer. Physically, the breakdown mechanism
of APP jets strongly depends on electron multiplication, which
controls the transition from Townsend breakdown to streamer
breakdown [7]–[12]. When operating at lower frequencies, the
plasma jet was found to be constituted of discrete plasma
bullets moving at a velocity much higher than the gas
velocity [9]–[13]. The propagation is sustained by pho-
toionization [7], [10]–[12]. First, the electrons are accel-
erated toward the positive ions, and then the photons are
emitted. These photons produce new photoelectrons and
positive ions at a suitable distance; therefore, the plasma
bullet’s ionization front starts propagating with the suc-
cessful completion of these events. The high electric field
between the photoelectron and positive streamer tip results
in a rapid acceleration of the electron, thus producing an
avalanche [7], [13].

As the plasma bullet travels to further distances, it leaves
behind a channel consisting of short- and long-lived species.
A secondary discharge is ignited at the end of the applied
voltage pulse (or a falling phase of sinusoidal voltage) due
to the charge accumulation on the dielectric electrode surface.
This newly formed discharge interrupts the plasma bullet prop-
agation. This opposing jet current (negative current) occurring
at the end of the applied voltage pulse (or a falling phase
of sinusoidal voltage) is due to the acceleration of electrons
that arose from the secondary discharge toward the plasma
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Fig. 1. (a) Schematics of the experimental setup. Photographs of the plumes from (b) straight cylinder type and (c) tapered type jets.

bullet as a result of the electric field established by the charges
accumulated on the dielectric surface. This opposing motion
of electrons cancels out the positive charges of the plasma
bullet. Therefore, the electric field between photoelectrons
and the head of the plasma bullet becomes very small, and
no further avalanche occurs. Hence, the plasma bullet stops
propagating [10].

The devices developed in this paper also utilize the com-
bined working principles of corona discharge, streamer dis-
charge, and DBD. Atmospheric-pressure cold plasma jets
represent a rapidly developing technology of great application
promise. Obviously, the employment of pin electrodes is
favorable to produce a stronger electric field at moderate
applied voltages. With a large local curvature of the pin point
and a short distance between the electrode pair, the generated
electric field is sufficiently high to induce the breakdown and
sustain the resulting plasma at relatively moderate applied
voltage.

For biomedical applications, APP sources should meet two
common criteria: 1) generation and transport of abundant reac-
tive species near room temperature and 2) remote treatment to
minimize electric shock, current-induced heating, and arcing.
In this paper, plasma jets with a pin electrode are fabricated
under various design configurations and characterized to pro-
vide a plasma environment well suited for the treatment of
thermally sensitive materials and biomedical materials. The
effects of the various design configurations and operation para-
meters on the discharge properties of plasma are investigated.
The effects of the pin electrode materials (Cu, W, and Al),
the position, and the width of a ground ring electrode on the
characteristics of the jets are studied. The effects of an inner
quartz tube encompassing the pin electrode and two types of
the outer quartz tubes (straight or tapered cylinder shape) are
investigated. The physical properties of the generated plume
include the current–voltage (I–V ) characteristics, plume tem-
peratures, plume length, and species compositions deduced
from optical emission spectroscopy. Particular attention is paid

to the electrical characterization based on the equivalent circuit
model.

II. EXPERIMENT

The plasma jet device in this paper consisted of a quartz
confinement tube [outer quartz tube of straight or tapered
(funnel-shaped) cylinder] and a pin electrode (Cu unless
otherwise stated) surrounded by an inner quartz tube with right
end closed. This device was designed with some modifications
to the plasma jet introduced in [14]. A schematic diagram is
shown in Fig. 1(a). A quartz confinement tube (inner diameter
D = 5, 6, and 7 mm; length L = 5–80 mm) served as
the dielectric barrier layer. Without the ring electrode, the
dielectric tube only plays the role of guiding the gas flow.
The jet had a central powered electrode (copper pin wire of
diameters dw = 0.5, 1.0, and 2.0 mm) The pin electrode can
either be bare or be inserted in an inner quartz tube. High-
purity helium (99.997%) was used as the discharge gas. The
photographs of the plumes from a straight cylinder type jet and
a tapered type jet are shown in Fig. 1(b) and (c), respectively.

A small diameter of the pin electrode with a sharp edge
allowed for a local enhancement of the electric field and, thus,
a considerable reduction of the breakdown voltage require-
ment. The plasma was generated by a pulsed bipolar source
with a repetition frequency of several tens of kilohertz (EESYS
APPS020). A typical operation condition of the plasma jet
had an applied voltage of 1.9 kVrms (root-mean-square value),
a repetition frequency of 50 kHz, and a pulsewidth of 5.5 μs.
The waveforms of the voltage and the current were measured
using a real-time digital oscilloscope (LeCroy WS44XS-A)
via high-voltage probe (Tektronix P5100) and current probe
(Pearson 3972). To identify reactive species generated in
the discharge and subsequently expelled with the gas flow,
optical spectra were recorded for emission in the range of
200–900 nm. The emission was collected perpendicular to
the plume’s propagating direction at several measurement
points (z) along the axis of the jets (straight or tapered
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Fig. 2. Waveforms of the applied voltages. (a) Total current and (b) discharge current for the jets driven by a pulsed bipolar source at 50 kHz. Temporal
evolutions of the wavelength-integrated optical emission intensity for two types of outer tubes (c) straight cylinder jet and (d) tapered jet.

cylinder), as shown in Fig. 1. The light emitted by the plasma
was focused by means of optical fiber into the entrance slit
of a 0.75-m monochromator (SPEX 1702), equipped with a
grating of 1200 grooves/mm and a slit width of 100 μm.

To verify the general optical properties of the plasma jets,
the optical emissions were measured as a function of time.
A photosensor amplifier (Hamamatsu C6386-01) was used to
observe the wavelength-integrated plasma emission.
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III. RESULTS AND DISCUSSION

A. Electrical Characteristics and Plume Generation

Fig. 2(a) shows the waveforms of the applied voltage and
total current for the discharge operating at a frequency of
50 kHz. The gas flow rate was kept constant at 1 L/min.
For the applied voltage of amplitude 2.5 kVrms (rms value),
the peak total current was 0.26 A. The rms value of the
discharge current was about 1 mArms. The voltage across the
gas gap (Vg) is simply the difference between the applied
voltage (Va) and the voltage across the dielectric (Vd ). Note
that Vd follows temporally Va with a time lag and the temporal
profile of the total current resembles that of Vg , as shown in
Fig. 2(a). The time lag is due to the charges from the plasma
volume being collected on the surface of the dielectric [15].
To determine the actual discharge current [Fig. 2(b)], the
displacement current (Ino) with plasma off was subtracted from
the total current (Itot).

Fig. 2(c) and (d) shows the temporal evolutions of the dis-
charge current and the wavelength-integrated optical emission
intensity for two types of outer tube nozzles mentioned above
(a straight cylinder nozzle and a tapered nozzle, respectively).
It was observed that the discharge produced at least two plasma
bullets every cycle of the applied voltage, the main optical
emission occurred at the rising edge of the positive half cycle
of the voltage waveform, and the weak light emission signal
occurred at the falling edge of the negative half cycle. The
optical intensity measured at the electrode tip was found to
be nearly in phase with the conduction current. However,
the characteristics of light emission at the nozzle exit differ
depending on the outer tube nozzle type. There is a difference
in the phase of the optical intensity between the straight
cylinder nozzle and the tapered nozzle jets, which may result
from different drifting velocity of the charged species driven
away from the electrode. The tapered nozzle jet has a larger
optical intensity at the nozzle exit than the straight cylinder
nozzle jet does.

The breakdown voltage was observed to be dependent on the
diameter of the copper pin electrode (dw) as: 1.13 kVrms for
2 mm, 0.88 kVrms for 1 mm, and 0.646 kVrms for 0.5 mm. This
can be attributed to the characteristics of corona discharges.
In corona discharges, a charged conductor with a very small
diameter of curvature, such as a sharp point or thin wire, can
provide seed electrons to lower the gas breakdown voltage.
Therefore, the discharge employing copper wire with a smaller
diameter had a lower breakdown voltage, but at a fixed
applied voltage above the breakdown voltage, the discharges
mentioned above did not exhibit noticeable differences in
the total current. Concerning the breakdown phenomena, the
following were observed.

1) The breakdown voltage (and the plume-out voltage),
the plume length, and the plume luminosity exhibited
a quite strong dependence on the configurations of
electrode and quartz tube for a fixed gas flow rate. The
configurations of electrode and quartz tube include the
distance between the copper pin and the exit of the outer
quartz tube, the diameter of the copper pin, and the
nozzle diameter.

Fig. 3. (a) Equivalent circuit model of plasma jet. (b) Front view of the
capacitance model for the pin electrode surrounded by the inner quartz tube
(dielectric constant K ) and the outer quartz tube. (c) Side view of the plasma
jet. Dotted blue line represents a virtual electrode parallel to the grounded
ring electrode over the inside surface of the outer tube.

2) The plasma jet with the bare copper pin electrode had a
lower breakdown voltage.

3) In the case of the pin electrode inserted in the inner
quartz tube, a thinner pin also resulted in a lower
breakdown voltage.

The equivalent circuit model of the discharge used in our
analysis is shown in Fig. 3(a). The capacitor Ccable repre-
sents the parasitic capacitance along with the cable capac-
itance of the power supply and additional electrical circuit
components [16]. The impedance of plasma discharge is rep-
resented by a capacitor Cp , and an inductor L p in parallel,
and a resistor Rp , which is parallel to Cg (the equivalent
capacitance of the gas gap and inner quartz tube surrounding
the pin electrode). The Rp inversely depends on the conduc-
tivity of the gas in the current channel [15], Cp is related
to the plasma sheath, and L p is approximately Rp divided
by the electron collision frequency. Based on the physics of
the problem, we have imposed a virtual electrode [17], [18]
parallel to the grounded electrode over the inside surface of
the outer tube [blue dotted lines in Fig. 3(b) and (c)]. There
is another capacitance Cdv between the virtual electrode and
grounded electrode. The impedance of DBD plasma jet is
essentially those of gas gap and of the plasma impedance with
one capacitor Cdv in series. The total current is due to the
combination of these circuit components.

Utilizing the capacitance of a coaxial cable shown in
Fig. 3(b), the equivalent capacitance of the gas gap and inner
quartz tube surrounding the pin electrode can be estimated as

Cg = 2πε0l

ln
( b

c

) + 1
K ln

( c
a

) (1)

where l is the length of the powered electrode; a, c, and b are
radii of the pin electrode, inner quartz tube, and outer quartz
tube, respectively; and K is the dielectric constant of the inner
quartz tube. When the inner quartz tube is removed (c → a
and K → 1), the Cg is reduced to Cg0 = 2πε0l/ln(b/a). The
equivalent resistance for the plasma part of the circuit driven
by angular frequency (ω) is Rp , and the reactance is written
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Fig. 4. (a) I–V curves of the plasma jets for different diameters of the copper pin. (b) I–V curves of the plasma jets with and without the inner quartz
tube. (c) Comparison of I–V curves between the plasma jets with the Cu, W, and Al pin electrodes. (d) Comparison of wavelength-integrated optical intensity
between the plasma jets with the Cu, W, and Al pin electrodes.

as [17]

X1 = −L p/Cp

ωL p − 1/ωCp
− 1

ωCdv
. (2)

The reactance associated with the capacitance between the
powered electrode and grounded electrode Cg is given by
X2 = −1/ωCg . This is parallel to the impedance given
by X1. Based on the circuit, the equivalent resistance (R) and
equivalent reactance (X) of the plasma jet are written as

R = X2 Rp(X1 + X2) − X1 X2 Rp

R2
p + (X1 + X2)

2

X = X2 R2
p + X1 X2(X1 + X2)

R2
p + (X1 + X2)

2 (3)

where Rp = ln(b/c)/2πσ l, and σ = nee2/mvm is the plasma
conductivity (ne, e, and m are the number density, charge,
and mass of electrons, respectively, and νm is the electron
collision frequency. Because the attention in this paper is
directed toward the electrical properties of the jet itself, the
effect of the cable capacitance is not considered (in fact, the

cable capacitance influences the current). In the low-frequency
operation considered in this paper, the driving frequency is
much lower than the electron collision frequency (ω � vm ),
and therefore, L p is small and the first term X1 in (2) is
not significant. It is noted that if typical values of the circuit
parameters are considered for the plasma jet in this paper (such
as ω = 2π × 105, Cp = 10 pF, L p = 1 pH, and Cdv = 1 pF),
X1 � −1/ωCdv. If we even neglect the effective reactance of
the plasma part (X1 = 0) [14], the plasma impedance (Z p) of
the equivalent circuit can be simplified as

Z p = Rp

1 + ω2 R2
pC2

g
+ j

( −ωR2
pCg

1 + ω2 R2
pC2

g

)

. (4)

Fig. 4(a) shows the I–V curves for the plasma jets operated
with three different diameters of the copper pin. The curves
reveal that the plasma jet exhibits abnormal glow regions
that are characteristic of weakly ionized plasmas. The applied
voltage was in the range 0.6–2.6 kVrms, and the measured total
current was 0.13–0.53 Arms. It was observed that the case of
thicker copper pin had a larger total current, whereas it had
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a longer plume. With an increase in the pin diameter, Cg is
increased as easily seen in (1), resulting in a decrease of |Z p|
according to (4) (an increase of the total current). This can
also be explained by the decrease of plasma resistance due to
the larger pin radius. The decrease in Rp implies an increase
in the plasma density that leads to the increase in the plasma
discharge current. As a result, the total plasma impedance |Z p|
decreases (assuming that the reactance was little changed) and
the total current increases. The results shown in Fig. 4(a)
imply that the case of thicker copper pin has a slightly
larger plasma density (lower plasma impedance). Although not
shown in the figures, the length of the outer tube (L) did not
make a significant difference in the I–V curve for the range
50–80 mm; however, the case of L = 50 mm had a slightly
more intense plume. The internal diameter of the outer quartz
tube (D) was influential in forming the plume and expelling it
from the nozzle. The range of D = 5–6 mm was effective in
the design and operation parameters of this paper (especially
for the straight cylinder tube).

The total current versus the applied voltage for the different
cases (with and without the inner quartz tube) is shown in
Fig. 4(b). The presence of the inner quartz tube enhanced the
total current. These can be explained in terms of (1) and (4).
When there exists an inner quartz tube surrounding the pin
electrode, Cg becomes larger than Cg0 (the capacitance with-
out the inner quartz tube). Then, |X2| is decreased, which
results in the decreases of and R and |X | in (3). The
installment of the inner quartz tube affects Rp , Cp , and L p

(thus |X1|) as well. Thus, the total impedance |Z | changes
in a complicated manner. The results indicate that with the
inner quartz tube installed, |Z | decreases slightly and the total
current increases slightly. Because the external circuit remains
the same, an increase in the observed total current leads to
the increase in the discharge current. The reason for only
small differences in the total current [Fig. 4(a) and (b)] is
that the plasma jet in this paper has low discharge currents.
This paper implies that when the discharge current becomes
higher, noticeable differences are expected.

Because of the risk of arcing, the plasma plumes generated
without the inner quartz tube are not the best for biomedical
applications due to safety issues [12]. The inner quartz tube
helps to reduce the danger of electric shock when one happens
to touch the plume. Because the reactance of the inner quartz
tube is much greater than that of humans, a considerable
portion of the applied voltage is across the inner quartz tube,
and thus, the voltage drop on the humans is small [14]. There
are some concerns over the use of metallic electrodes in the
plasma jet for material processing and biomedical applications,
where copper atoms may prove to be detrimental [19]. To this
end, encompassing the copper pin electrode by the inner quartz
tube is desirable.

Fig. 4(c) and (d) shows the effect of the electrode material
on the total current and optical intensity. Besides the copper
electrode, tungsten and aluminum electrodes of the same
dimension were considered. The copper electrode exhibited
a slightly larger current and optical intensity than the other
two electrodes. A larger optical intensity indicates a sufficient
activation of neutral species by plasmas, which provides a

Fig. 5. Photographs of the plume and the plume length as a function of
applied voltage in (a) straight cylinder type and (b) tapered type jets excited
at 50 kHz (gas flow rate: 2 L/min).

well-suited environment for most of the relevant material
processing and biomedical applications.

The influence of the shape of outer quartz tube [a straight
cylinder tube in Fig. 5(a) and a tapered tube in Fig. 5(b)] on the
plume was also investigated. As shown in the figure, at a fixed
gas flow rate, the gas speed becomes larger for the tapered-
tube jet enabling the plume to be stable and well-focused
and to reach further. Depending on the operating parameters,
DBDs can generate either filamentary or diffuse plasmas. In
the plasma jets of this paper, the application of higher voltages
resulted in the filamentation of the plasmas in which many
individual discharge channels were formed [see at 2.13 kVrms
in Fig. 5(a)]. This tendency was strong for thinner copper pin
electrodes and bare copper pin electrodes.

The detailed studies have revealed that the cold plasma jet
produced by nanosecond or microsecond pulsed discharges is
typically composed of a series of rapidly propagating streamer
discharges (plasma bullets). The length of the plasma plume
(i.e., streamer propagation length) can be adjusted by the gas
flow rate and the applied voltage. Fig. 6(a) and (b) shows
the plume length of the straight cylinder jet as functions of
applied voltage and gas flow rate for different diameters of
the copper pin: 2 and 0.5 mm, respectively. The plume length,
which is indicative of the distance plasma bullets can extend
into the ambient atmosphere, is shown at the gas flow rates of
0.5–4 L/min. As expected, the plume length increased with
the applied voltage. This trend was more dominant in the
case of the thicker pin [Fig. 6(a)]. In particular, at applied
voltages below 2.0 kVrms, the jet with a 0.5-mm diameter
copper pin had a longer plasma plume. In both cases, as the
applied voltage increased, the jet front became unstable and
filament like. As usual, the increase in the gas feeding resulted
in jet elongation, while further increase (here, up to 5 L/min)
in the flow rate caused jet shortening and appearance of a
turbulent tail at the jet’s end. Laminar mode is formed at low
gas flow rates, while turbulent mode is produced at higher gas
flow rates. The transition from laminar to turbulent mode is
closely associated with a noticeable decrease of plasma jet
length [20], [21]. The transition from laminar to turbulent
mode can be detected by Reynolds number (Re) defined as

Re = V D

v
(5)
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Fig. 6. Plume length of the straight cylinder type jet as a function of gas
flow rate for different diameters of the copper pin (a) 2 and (b) 0.5 mm.

where ν is the kinematic viscosity, V is the gas flow velocity,
and D is the nozzle diameter. For a typical operation condition
(the gas flow rate of 2 L/min and nozzle diameter 5 mm), Re is
about 740. When Re is above 2000, laminar mode progresses
to turbulent mode. This transition point corresponds to the
gas flow rate of 6 L/min, which is close to the experimental
observation at the onset of turbulence.

Fig. 7 shows the plume length as functions of applied volt-
age and gas flow rates in tapered tube jets in which the tapering
begins at (a) 5 and (b) 10 mm from the tube exit. In the jets
with a tapered tube, a plasma plume extended up to more than
6 cm from the exit nozzle in the stable stage. A steeply tapered
tube jet [Fig. 7(a)] was observed to have a longer plume than
a smoothly tapered tube jet [Fig. 7(b)]. In the steeply tapered
tube, the vortex structure of the helium flow became dominant
and provided a longer gas residence time, enabling increased
plasma activation. The plasma density was enhanced, and this
led to the increase in the plasma plume length.

As can be observed in Fig. 7, the plasma plume length also
increased with the gas flow rate for the range of the applied
voltage above 2.0 kVrms. In the laminar regime, an increase
in the helium flow velocity resulted in a direct increase in the

Fig. 7. Plume length as a function of applied voltage for different gas flow
rates in tapered type jets: the tapering begins at (a) 5 and (b) 10 mm from
the tube exit.

plasma plume length. The gas flow rate affected the varia-
tion of the plume length more significantly than the applied
voltage did. This implies that in the tapered type jet, the
plasma plume is largely governed by the gas flow [22]. As was
seen in the straight cylinder jet, at higher gas flow rates, the
plume from the tapered type jet also became unstable and the
plume length began to decrease due to flow turbulence [23]. It
can be concluded that the plume length is determined by sev-
eral factors: applied voltage, outer quartz tube diameter, nozzle
structure and diameter, and gas flow rate. In general, the plume
length increases with: 1) an increase in the applied voltage;
2) a decrease in the outer quartz tube diameter; 3) an opti-
mization of the nozzle size and tapering outer quartz tube; and
4) an increase in the gas flow rate.

B. Plume Temperature

Fig. 8 shows the measured plume temperature as functions
of the operating parameters and the configuration variables.
The plume temperature was measured using a fiber optic
temperature sensor (Luxtron M601-DM&STF). A continuous
increase in the plume temperature as the applied voltage
increases was observed [Fig. 8(a)]. An increase in the applied
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Fig. 8. Plume temperature as a function of (a) applied voltage, (b) applied voltage for different diameters of the copper pin, (c) applied voltage for the jets
with and without the inner quartz tube, and (d) gas flow rate at different axial positions of the plume.

voltage leads to the increase of the plasma volume, which is
immediately reflected by gas heating. When a thinner copper
wire electrode was used, the plume temperature was found to
increase because the effective electric field strength increased
[Fig. 8(b)]. When the inner quartz tube encompassing the
copper pin was employed, the plume temperature decreased
[Fig. 8(c)]. This may be attributed to the fact that high-energy
secondary electrons also contribute to gas heating in the case
of bare copper pin electrodes.

The plume temperature depends on the plume current and
the gas flow characteristics. The plume temperature was mea-
sured at various points—nozzle endpoint, plume midpoint,
and plume end point—at different gas flow rates, as shown
in Fig. 8(d). The plasma plume presented a low plume
temperature near the nozzle in most discharge conditions, and
the temperature rose slightly with the axial distance from the
nozzle. The plume temperature was observed to decrease as the
gas flow rate increased. These results indicate that the plume
temperature can be effectively adjusted by controlling the gas
flow rate [24].

C. Optical Characteristics

To identify reactive species that are generated in the dis-
charge and subsequently expelled with the gas flow, spectra

were recorded along the axis of the jet. The emission is
collected perpendicular to the plume’s propagating direction,
and the distribution of emission intensities was obtained at
different locations (see the points at the upright corner in
Fig. 1) along the axial direction of the jets (for both the
straight cylinder jet and the tapered jet). It should be noted
that the emission intensity depends on the densities of the
excited species and the surrounding electrons, the quenching
rate, the emission characteristics (light frequency, spontaneous
emission probability, and branching ratio), and the spectral
response of the detection system. Therefore, it is difficult
to infer the variation of species densities from the emission
intensities. However, a given emission intensity from a species
can be regarded as a measure of the concentration of the
species for a qualitative analysis.

Fig. 9(a) and (b) shows the spatial distributions of selected
emission intensities for the straight cylinder jet and the tapered
jet (shown in the upright corner of Fig. 1), respectively.
Although pure helium was injected in the tube as a working
gas, nitrogen lines can be observed because the plasma is
generated in ambient air, and therefore, nitrogen easily mixes
at the nozzle exit. This shows that there are strong nitrogen
molecular lines as well as a few helium and oxygen atomic
lines. Oxygen and nitrogen species arise because the plasma
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Fig. 9. Optical emission spectra at different positions along the axis for
(a) straight cylinder type jet and (b) tapered type jet.

is ejected into the air where its energetic electrons and He
metastables ionize and excite air molecules. The strongest
emission was the N∗

2 line at 337.1 nm (C3�u → B3�g), and
many nitrogen lines, excited He atom line at 706.5 nm, and
excited oxygen line at 777.4 nm are shown. The N+

2 line at
391 nm (B2 ∑+

u → X2 ∑+
g ) is attributed to Penning ioniza-

tion (He∗+ N2 →He + N+
2 + e) and charge transfer (He++

N2 →He + N+
2 ) followed by direct electron-impact excitation

(e+ N+
2 → N+∗

2 + e) [23]. Stronger excited N+
2 emission was

observed when a high voltage was applied (not shown in the
figure). In the discharge area, the electron impact dissociation
of N2 and O2 molecules leads to the formation of atomic

oxygen and the breaking of the strong bond in the N2 molecule
by vibrational excitation and dissociation. Atomic oxygen may
also be generated through Penning dissociation (N∗

2+ O2 →
N2+ O + O). The emission line at 656 nm corresponds to the
Hα line, which is generated by the collision between a water
vapor molecule and electrons (H2O + e → H + OH + e).
The emission spectrum clearly indicates that OH (309 nm)
and NO (283 nm) exist in the plasma plume. The OH radicals
are produced from water vapor in the helium flow, which
is humidified by water adsorbed on the inner surface of the
helium line and the quartz tube [25]. The presence of nitric
oxide (NO) at 283 nm is due to the chemical conversion of
N and O2 (or N and O) [26]. The NO serves a multitude
of essential biological functions, including the bactericidal
effect and the induction of the phagocytosis of bacteria and
necrotic detrite. These highly reactive species, such as O,
OH, and NO are considered to be the most effective agents
in attacking cells or organic material in general. The spectra
obtained from inside the tube [Fig. 9(a)] reveal a predominance
of excited He species with the He 706.5-nm line having the
greatest intensity. The low intensity of the nitrogen second
positive system with respect to the N+

2 band is a feature of
the He jets [13].

The spatial variation of the emission intensities from the
excited species NO, O, OH, Hα, N2, and N+

2 along the axial
direction can provide useful information on the properties of
the plasma plume. As shown in Fig. 9(a), all the He lines
that were studied (587.6, 667.8, 706.5, and 728 nm) had a
similar pattern. Inside the outer quartz tube, emission from the
nitrogen molecular ion (N+

2 ) had a pattern similar to that of He
lines [27], [28]. This can be explained by N+

2 being formed in
helium discharges through both Penning ionization and charge
transfer, as mentioned above. Fig. 9(b) shows the axial varia-
tion of the line intensities from the tapered jet. In the figure,
for convenient comparison between the intensity variations of
various lines, the intensities of the two most intense lines (He
706.5 nm and O 777.4 nm) are displayed in arbitrary reduction,
while that of OH (308 nm) line is a little magnified. The
parallel double lines indicate the position of the nozzle exit.
From the nozzle exit to ambient air, the lines of OH (309 nm)
and He (706.5 nm) decrease. The lines of O (777.4 nm), Hα

(656 nm), and NO (283 nm) also decrease slowly, while the
lines of N2 (337.1 nm) and N+

2 (391 nm) exhibit an abrupt
increase followed by a decrease. This phenomenon might be
ascribed to the diffusion of the N2 molecules into the He
flow near the exit, enhancing the Penning ionization [9]. This
feature is also in accord with [29]. Therefore, it is reasonable
to conclude that the concentration of N+

2 increases when the
plasma exits the nozzle [30]. The spatial profiles of excited N2
and N+

2 show a good correlation with the axial gas temperature
distribution [31]. The decrease in the concentrations of OH,
NO, and Hα in the afterglow is mainly attributable to dilution
of the feed gas in as much as these species are formed in the
active zone of the discharge [26]. The OH emissions decayed
immediately as soon as the plasma traveled out from the nozzle
and decreases with distance from the nozzle [25]. The N2
bands’ emission volumes propagated to a far distance and
formed the whole length of the helium plasma plume in the
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surrounding air. The helium emissions decayed rapidly for the
plasma inside and outside the nozzle due to the adverse effect
of impurities, especially the large concentration of diffused air
in the open space. These distinct types of dynamic behavior
of the dispersed plasma emission volumes are attributable to
the different generation and quenching mechanisms of their
corresponding excited species [32]. This information allows
determination of the optimum placement of the biological
samples downstream of the plasma jet [29].

D. Effect of a Ground Ring Electrode

Finally, the effect of a ground ring electrode on the jet
characteristics was explored. With this configuration, the elec-
tric field along the plasma plume is enhanced. Walsh and
Kong’s [3] studies show that a high electric field along the
plasma plume is favorable for generating long plasma plumes
and more active plasma chemistry. In addition, as observed
from Fig. 10(a), the optical emission from the plasma between
the two electrodes is much stronger than that of the plasma
plume. Therefore, when touching the plume, the main part of
the discharge current goes through the outer tube rather than
the human. Therefore, the potential drop should be mainly
between the electrodes and the potential drop on the human
is further lowered [14].

The jet had a coaxial configuration with a central powered
electrode and a grounded ring electrode with variable widths
wrapped around the outer quartz tube. The distance between
the ground ring electrode and the tip of the high voltage
pin electrode was 40 mm, and the ground electrode was
placed 20 mm away from the exit of the outer quartz tube.
By wrapping a ground ring around the outer quartz tube,
the equivalent interelectrode distance is decreased, thereby
increasing the effective electric field. This enables an easy
plasma ignition. For optimal operation of the jet, the optimal
width and position of a ground ring around the quartz tube
need to be determined. When the jet was operated with
the applied voltages of 1.65 and 1.89 kVrms and the gas
flow rate of 2 L/min, the influence of the ring width was
investigated and is clearly shown in Fig. 10. With the ground
ring installed, the plume length, the total current, and the gas
(plume) temperature exhibited increases compared with the
case without the ring. As the ring width increased, the total
current was observed to increase slightly (the plume length
was not changed noticeably), and the gas temperature became
higher due to increased Joule heating. With an increase in the
ring width, Cdv is increased and |X1| is decreased in (2), which
results in the decreases of R and |X | in (3) (thus, an increase
of the total current).

As shown in Fig. 11, the position of a ground ring influenced
little on the total current, but influenced significantly on both
the plume length and the plume temperature. Placing a ground
ring near the tube exit made the effective electric field strength
lower and resulted in a lower plume temperature. This result
can be interpreted in terms of the reduced plasma density
due to a reduced effective electric field strength, which leads
to a consequent decrease of the plume temperature [33].
The capacitance due between the virtual electrode and

Fig. 10. Effects of the ground ring width. (a) Photographs of plume for
different ring widths. (b) Total current. (c) Plume temperature as a function
of the ring width.

grounded electrode (Cdv) is mainly influenced by the position
of a ground ring. With an increase in the distance between
the powered and grounded electrodes, Cdv is reduced and
|X1| is increased in (2), which results in the increases of and
R and |X | in (3) (thus, a decrease of the total current). The gas
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Fig. 11. Effects of the ground ring position. (a) Photographs of plume for
different ring widths. (b) Total current. (c) Plume temperature as a function
of the ring position.

gap capacitance (Cg) is also influenced by the position of a
ground ring. With an increase in the distance between the
electrodes (actually, this is equivalent to the increase of b),
the Cg is decreased resulting in an increase of |Z p| (thus,
in a decrease of the total current) according to (4) (in the
region of Rp � 1/(ωCg)). Therefore, to achieve a low plume
temperature, a narrower ground ring should be located near
the tube exit.

IV. CONCLUSION

Atmospheric-pressure helium plasma jets excited by a
low-frequency pulsed bipolar source were fabricated and char-
acterized. The plasma plumes were generated reaching several

centimeters near room temperature without any electrical
shock. A variety of choices in the design configuration,
including the electrode material and operation parameters,
were undertaken to determine optimal conditions well suited
for material processing or biomedical applications and to
elucidate the properties of the plasma jets. The inner quartz
tube surrounding the pin electrode and two kinds of outer
quartz tubes (straight cylinder or tapered ends) were employed
and tested. The breakdown voltage, the plume length, and
the plume luminosity exhibited quite a strong dependence on
the configurations of electrode (and tube) and gas flow rate.
As for the breakdown voltage and the plume length, it was
observed that: 1) the plasma jets with thinner diameter pin
electrode had a lower breakdown voltage; 2) the plasma jet
with the bare copper pin electrode had a lower breakdown
voltage; and 3) the plume length increased with: a) an increase
in the applied voltage; b) a decrease in the outer quartz
tube diameter; c) an optimization of the nozzle size and
tapering outer quartz tube; and d) with an increase in the
gas flow rate. The variation of the emission intensities from
the excited species NO, O, OH, N2, and N+

2 along the axial
direction of the jet can provide useful information on the
properties of the plasma plume. In addition, the influences
of the position and width of a ground ring on the plume
properties (length and temperature) and on the total current
were explored to determine optimal operation of the jet. The
electrical characteristics of the jet were found to be well
explained by the equivalent circuit model of the discharge.
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