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This study shows the variation of the characteristics of a plasma bullet generated in impurity controlled
working gas. Tunable diode laser absorption spectroscopy of metastable He atoms generated in the plasma bullet
was performed. The metastable He atoms are generated in the plasma bullet and are quenched by impurities. The
velocity and the size of the plasma bullet are derived from the arriving time and the shape of the rising phase of
the absorbance. In addition, the impurity concentration was derived from the decay time of the absorbance. The
impurity concentration in the working gas is controlled in a range of more than two orders of magnitude, and the
impurity concentration reaches ppb level. We have observed the impurity dependence of the velocity and size
of the plasma bullet. The velocity of the plasma bullet reaches a constant value and the bullet size dramatically
increase below 20 ppm of the impurities. These results show the change of the propagation mechanism of the
plasma bullet in the high purity working gas. In order to distinguish the plasma generated in the high purity gas
from the standard plasmas, we would call it ultrapure plasma.
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1. Introduction
Recently, atmospheric pressure plasma jet has been

studied as a promising technology for the medical and bi-
ological applications. Although the plasma jet looks like a
continuous discharge, it has been observed using an ICCD
camera that plasma bullets are intermittently propagating.
The several groups have reported the dependence of the ve-
locity of the plasma bullet on the discharge conditions such
as the peak voltage, frequency, waveform of the applied
voltage and the permittivity of the material surrounding the
plasma bullet [1–3]. In addition, the effect of the Penning
ionization of impurities in the working gas has also been
studied by several groups [4–11]. Most of these studies
were performed by adding a few percent of the impurities
molecules such as N2 and O2 to the standard purity work-
ing gas. In this study, the impurity concentration in the
working gas is decreased from ppm to ppb order with gas
purge and a purifier. The variation of the velocity and the
size of the propagating plasma bullet is observed in the im-
purity controlled working gas. The bullet velocity in such
a high purity working gas is firstly measured in this study.
As far as we know, the dependence of the bullet size on
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the impurity concentration is also firstly reported. Since
metastable atoms are generated in the plasma bullet and
are quenched by the reaction with impurity molecules, the
information of the plasma bullet and the concentration of
the impurity is obtained from the spatiotemporal variation
of the metastable atoms [12].

2. Experimental Setup
Figure 1 shows the experimental setup. A plasma

jet is generated in a quartz tube (inner diameter 2 mm,
outer diameter 4 mm, length 0.6 m) supported by the Bake-
lite holders. A copper foil (thickness 0.01 mm, width
15 mm) is wound outside the quartz tube as a discharge
electrode and is powered with an AC high voltage power
supply (Logy, LHV-10AC-24) at a frequency of 17 kHz
with a peak voltage of 8 kV to generate plasma. The ap-
plied voltage and discharge current are measured using a
high voltage probe (Tektronix, P6015) and a current trans-
former (Pearson electronics, MODEL110A), respectively.
He gas is introduced from a high purity gas bomb (purity
99.99995%) into the quartz tube at 200 sccm via a mass
flow controller (KOFLOC, MODEL8500) and a gas puri-
fier (VICI, HP-2). Although the original purity of the gas
bomb is high, the impurity concentration easily rises up to
ppm level due to residual impurities. Therefore, the out-
put of the gas purifier was directly connected to the dis-
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Fig. 1 (Color online) Experimental setup.

charge tube to supply high purity working gas. To pre-
vent the back diffusion of impurities from the ambient air
to the discharge area, a long Teflon tube (10 m) is con-
nected to the end of the quartz tube. The temperature of
the quartz tube is measured with a K type thermocouple
attached to the quartz tube. By attaching the thermocou-
ple, the plasma emission increased by approximately 2%.
Therefore, the gas temperature might be overestimated a
few percent higher. In this study, the influence of the over-
estimation was ignored. The thermocouple was removed
when the spectroscopic measurements were carried out.

In this study, tunable diode laser absorption spec-
troscopy (TDLAS) is carried out to observe helium
metastable atoms (23S1) in the helium plasma jet using a
distributed feedback (DFB) laser system. The DFB laser
chip (TOPTICA, LD-1083-0070-DFB-1) is used for con-
structing the laser system. Although the tuning range of the
DFB laser covers the three 23S-23P transitions (23S1-23P0,
23S1-23P1, 23S1-23P2) in the 1083-nm wavelength range,
the wavelength of the DFB laser is fixed at the center of
the absorption spectrum related to the 23S1-23P2 transition,
since the absorption cross section of the transition is the
largest among the three transitions [13]. The output power
of the DFB laser was 50 mW at the experimental condi-
tion. The laser light is attenuated to 1 mW by the ND filter
to prevent the saturation of the absorption and is perpen-
dicularly incident to the discharge tube. The transmitted
laser power is measured with an InGaAs photodiode de-
tector (Thorlabs, PDA20CS). Since the transmitted light is
diverged by the discharge tube, it is focused on the detec-
tor using a cylindrical lens. An interference filter is placed
in front of the photo detector in order to remove unwanted
plasma emissions and room lights and improve the signal-
to-noise ratio. The output of the photo detector is recorded
by a personal computer via the oscilloscope.

Fig. 2 (Color online) Waveforms of the applied voltage, dis-
charge current and absorbance.

3. Results and Discussion
3.1 Analysis of absorbance waveform

Figure 2 shows the examples of the waveforms of the
applied voltage, discharge current, and absorbance in one
discharge cycle. The absorbance signal by He metastable
atoms was observed beside the discharge electrode. Since
the helium metastable density is low near the electrode, the
absorbance is smaller than the data shown later. Although
the absorbance signal clearly showed the occurrence of the
positive and negative discharges at the rising and falling
phase of the applied voltage, the discharge current of the
negative discharge was small and difficult to see. In this
article, the characteristics of the plasma jet generated by
the positive discharge are studied. As reported by several
research groups, the plasma jet is not continuous plasma
but a discrete bullet-like plasma which is generated at the
discharge front travelling at speeds of 104 m/s range [3,14,
15]. Figure 3 shows an example of the temporal variation
of the absorbance measured in a plasma jet generated with
a standard purity He gas. Absorbance is calculated using
the Lambert-Beer law

A = − log10
IT

II
,

where II and IT are the intensity of the incident and the
transmitted laser light, respectively. The horizontal axis
shows the time after the positive discharge generation at
the power electrode. The spectra were observed at the three
positions where the distance from the power electrode was
2, 4, and 8 cm, respectively. Since the metastable He atoms
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Fig. 3 (Color online) Spatiotemporal variation of pulsed absorp-
tion.

are generated in the plasma bullet, the rapid increase of
the absorbance means that the plasma bullet has reached
the observation position. Therefore, the mean propaga-
tion velocity of the plasma bullet is derived by the distance
from the power electrode and the rising time of the ab-
sorbance signal. In this case, the mean propagation veloc-
ity is roughly estimated as 104 m/s. In addition, the size
of the plasma bullet is also derived from the shape of the
rising phase. Peaking of the absorbance means passage of
the plasma bullet, and from the decaying curve in the af-
terglow the information on the quenching process of the
metastable He atoms is obtained. The absorbance signal
was analyzed by fitting with Eq. (1).

dnHe∗

dt
= nmax exp

⎛
⎜⎜⎜⎜⎝− ln 2

4
1

L2
b

(z − vbt)2

⎞
⎟⎟⎟⎟⎠ − nHe∗

τHe∗
, (1)

where nHe∗ and τHe∗ are the density and decay time of
metastable He atoms, respectively, nmax is the maximum
value of the metastable He atom generation, and z is the
distance from the power electrode. Lb is the full width at
half maximum of the plasma bullet, and vb is the propaga-
tion velocity of the plasma bullet. The density distribution
of the plasma bullet is assumed to be a Gaussian function.
The first term on the right side represents the metastable He
atoms generation by the plasma bullet. The second term
represents the quenching of metastable He atoms. Figure 4
shows a fitted curve with the waveform of the absorbance
observed at 8 cm. τHe∗ , vb, and Lb are derived as 2.8 µs,
11 × 103 m/s, 1.4 mm by fitting to Eq. (1), respectively. As
far as we know, the quantitative evaluation of the bullet
size has not been reported so far. However, the value of lb
is roughly the same order of magnitude as the size of the
bullet images shown in Ref. [10].

After the plasma bullet passes through the observation
point, the density of the metastable He atoms decreases by
the transport and the quenching. In a pure He gas ambient,
the metastable He atom is mainly quenched by the three-
body collision with neutral He atoms, and is expressed by

He∗ + 2He→ He∗2 + He, (2)

Fig. 4 (Color online) Waveform of the absorbance observed at
8 cm. τHe∗ , vb, and Lb are derived as 2.8 µs, 11 × 103 m/s,
1.4 mm by fitting to Eq. (1), respectively.

and the decay time of He∗ is given by

τHe = (K3 · n2
He)−1, (3)

where nHe is the density of He atoms, the rate constant
of the three-body collision K3 is 2.5 × 10−34 cm6 s−1 [16].
Since nHe greatly affects τHe, the gas temperature depen-
dence of nHe should be taken into account for the calcula-
tion of τHe. Since the gas flow velocity is slow enough in
this experiment, we assume that the He gas temperature is
same with the quartz tube temperature. The temperature
was 313 K at 8 cm from the power electrode and nHe is cal-
culated as 2.34 × 1019 cm−3. τHe is calculated as 7.28 µs
from the experimental conditions. Since the diffusion time
of metastable He atoms to the wall is two orders of magni-
tude larger than τHe, the quenching by the interaction with
the inner wall of the discharge tube is negligible in this ex-
periment. The Penning ionization of impurities is also an
important process for quenching the metastable He atoms.
Since the impurities contained in the gas bomb that was
used in the experiment were mainly nitrogen and oxygen,
the following Penning ionization processes of these species
were taken into account in evaluating the decay time of the
metastable He atoms:

He∗ + N2 → He + N+2 + e, (4)

and

He∗ + O2 → He + O+2 + e. (5)

The decay time of the metastable He atoms is modified by
taking these process into account as follows,

τHe,N2,O2 = (K3 · n2
He + KN2 · nN2 + KO2 · nO2)−1,

(6)

where nN2 and nO2 are the density of the nitrogen and
oxygen molecule. The rate constants of Penning ion-
ization, KN2 and KO2 are 7.0 × 10−11 cm3 s−1 and 2.5 ×
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Fig. 5 (Color online) Temporal variation of (a) τHe∗ and (b) the
impurity concentration. The closed symbols and open
symbols show the data measured with and without pu-
rifier operation.

10−10 cm3 s−1, respectively [17, 18]. Since τHe,N2,O2 is ob-
tained by the experiment and nHe is known, the impurity
density is derived using Eq. (6). The mixing ratio of the
nitrogen and the oxygen is assumed to be 8 : 2 same as in
the air. In the case of the waveform shown in Fig. 4, the
total impurity density (nN2 + nO2) was derived as 91 ppm.

3.2 Impurity control
In the plasma jet experiment, the gas purity can be im-

proved just by feeding fresh gas since the impurities are re-
placed by the high purity gas. In order to investigate the in-
fluence of the impurities in a wide range of concentrations,
the purifier was used to further reduce the impurity concen-
tration after the 30-minute He gas purge. After turning on
the purifier, the impurity concentration in the He gas grad-
ually decreased. The impurity concentration is derived us-
ing Eq. (6) and the experimentally obtained τHe,N2,O2. Fig-
ures 5 (a) and (b) shows the temporal variation of τHe∗ and
the impurity concentration at 8 cm from the power elec-
trode, respectively. The closed symbols and open symbols
show the data measured with and without purifier opera-
tion. During the first 30 minutes, τHe increased from 2.5 µs
to 4.5 µs, and the impurity concentration decreased from
85 ppm to 25 ppm. After turning on the purifier, the impu-
rities concentration increased once, but finally the impurity
concentration decreased to 0.5 ppm. This experimental re-
sult shows that the impurity concentration can be varied in

Fig. 6 (Color online) Impurity dependence of (a) vb and (b) Lb.
The closed symbols and open symbols show the data
measured with and without purifier operation.

a range of more than two orders of magnitude by the gas
purge and the purifier, and the impurity concentration can
reach the ppb level.

3.3 Plasma bullet in impurity-controlled
working gas

Figures 6 (a) and (b) shows the velocity vb and size Lb

of the plasma bullet propagating in the impurity-controlled
working gas, respectively. The closed symbols and open
symbols show the data measured with and without puri-
fier operation. As shown in Fig. 6 (a), vb monotonically
increased with the impurity concentration above 20 ppm.
This result is consistent with the numerical simulation by F.
Liu et al. [9]. It is widely accepted that N+2 generated by the
Penning ionization of N2 in the working gas plays an im-
portant role in the propagation of the plasma bullet, and O2

quenches the plasma bullet by capturing electrons [4–11].
The proportional relation between the impurity concentra-
tion and vb also suggests that the Penning ionization pro-
cesses shown in Eq. (4) might contribute to the variation
of vb. Several groups also observed the acceleration of the
plasma bullets by the Penning ionization of N2 in the stan-
dard purity gases. In this study, we firstly observed that
vb reaches the constant value (8 × 103 m/s) below 20 ppm.
Although the dominant positive ion in the afterglow in the
standard purity gas is N+2 [9], the composition of ions and
the electron density might be changed in the ultrahigh pu-
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rity working gas. Figure 6 (b) shows the dependency of Lb

on the impurity concentration. Lb gradually increased with
the impurity concentration above 20 ppm. The increase of
the bullet size with the increase of the impurity concentra-
tion is also found in the photos in Ref. [10]. On the other
hand, Lb dramatically increases when the impurity concen-
tration decreased to 20 ppm or less. The variation of the
bullet size with the impurity concentration has not been
well studied below 20 ppm, and we believe that the rever-
sal of the impurity concentration dependence of the bullet
size was firstly observed in this study. In order to distin-
guish the plasma generated in the high purity gas from the
standard plasmas, we would call it ultrapure plasma. Fur-
ther study on the detail of the ultrapure plasma will be a
future work.

In summary, we studied the characteristics of the
plasma bullet generated in an impurity controlled work-
ing gas. TDLAS of the metastable He atoms generated
in the plasma bullet was performed. From the decay time
of the waveform of the absorbance, the impurity concen-
tration was derived. In addition, the velocity and the size
of the plasma bullet were obtained from the time and the
shape of the rising phase of the absorbance. By using the
gas purge and the purifier, the impurity concentration in
the working gas was varied in a range of more than two or-
ders of magnitude, and the impurity concentration reached
the ppb level. We firstly observed that the velocity of the
plasma bullet reached the constant value and the bullet size
dramatically increased in the high purity working gas. Al-
though further study on the detail of the ultrapure plasma
will be a future work, these results show the change of the
propagation mechanism of the plasma bullet in the high
purity working gas.
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