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Abstract. This paper reports the density distributions of OH, Na, water vapor and water mist in
atmospheric-pressure dc helium glow plasmas in contact with NaCl solution. The densities of OH, Na
and H2O had different spatial distributions, while the Na density had a similar distribution to mist, sug-
gesting that mist is the source of Na in the gas phase. When the flow rate of helium toward the electrolyte
surface was increased, the distributions of all the species densities concentrated in the neighboring region
to the electrolyte surface more significantly. The densities of all the species were sensitive to the electric
polarity of the power supply. In particular, we never detected Na and mist when the electrolyte worked as
the anode of the dc discharge.

1 Introduction

Plasma-liquid interaction is a new subject in the field of
reactive plasmas. The attention focused on the plasma-
liquid interaction is driven by its importance in practical
applications, such as the treatment of liquid media includ-
ing sterilization [1–4], the treatment of biological tissues
and plasma medicine [5,6]. The research of plasma-surface
interaction has a long history, but almost all the works to
date examined the interaction between plasmas and solid
surfaces. Although solids and liquids have common nature
as condensed matters, the plasma-liquid interaction
includes processes different from those of the plasma-solid
interaction such as evaporation and mist formation.
We believe that plasma-liquid interaction is a tough sub-
ject, and intensive investigations are necessary to accumu-
late comparable knowledge to plasma-solid interaction.

A driving force for the research of plasma-liquid
interaction is the development of various methods for pro-
ducing atmospheric-pressure plasmas. Among various
methods for producing atmospheric-pressure plasmas in
contact with liquids [7–18], in this work, we have employed
dc glow discharge between a nozzle electrode and an elec-
trolyte, which has been reported by Shirai and cowork-
ers [19–22]. A reason for choosing this plasma source is
that it can produce a stable positive column with a cath-
ode sheath [23]. The structure of the positive column is
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similar to conventional one produced in a gas at a reduced
pressure; hence this plasma source is suitable for the fun-
damental investigation on the plasma-liquid interaction.

In this work, we examined the density distributions
of OH, Na, water vapor and water mist, in the helium
glow plasma in contact with an electrolyte (1% NaCl solu-
tion). Laser-induced fluorescence (LIF) spectroscopy was
adopted for measuring the density distributions of OH
and Na. The density distribution of water vapor was
estimated from the distribution of the collisional quench-
ing frequency of OH(A2Σ+). The distribution of mist was
examined by laser Mie scattering. Although the diagnos-
tics were limited in the gas-phase side of the plasma-
liquid interface, the experimental results give us insight
into plasma-liquid interaction.

2 Experiment

The experimental apparatus is schematically shown in
Figure 1. The plasma source used in this work was iden-
tical to that reported by Shirai and coworkers [19–23]. A
dc power supply was connected between a stainless-steel
gas nozzle and a platinum wire via a resister of 100 kΩ.
In this paper, we examined the influence of the electric
polarity of the dc power supply on the densities of OH,
Na, H2O, and mist. The platinum wire was immersed in
1% NaCl solution which filled a square acrylic vessel with
quartz windows. The inner and outer diameters of the
nozzle electrode were 0.48 and 0.70 mm, respectively, and
the distance between the top of the nozzle electrode and
the surface of the NaCl solution was 4 mm. Helium as a
working gas was fed from the nozzle toward the electrolyte
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Fig. 1. Experimental apparatus. (a) Side view showing the
plasma source and (b) top view showing the apparatus of LIF
imaging spectroscopy.

surface. The gas flow rate was controlled using a mass flow
controller.

We adopted LIF imaging spectroscopy to measure the
spatial distributions of OH and Na densities in the dis-
charge space. In the LIF measurement, OH or Na at the
electronic ground state is transferred to an excited state by
absorbing laser photons at the resonant wavelength with
the transition line. The LIF intensity, which is obtained
by the radiative decay of the excited state, is proportional
to the density of OH or Na at the ground state such that:

ILIF ∝ An2 ∝ n1, (1)

where n1 and n2 are the densities of the ground and laser-
excited states, respectively, and A is the transition proba-
bility of the LIF line. In general, the absolute calibration
of the ground-state density is possible with the help of
absorption spectroscopy, but we did not determine the
absolute OH and Na densities in this work.

As shown in Figure 1b, the tunable laser beam yielded
from an optical parametric oscillator (OPO) was injected
into the r − z plane of the cylindrically symmetric dis-
charge space after arranging its shape to be planar using
two cylindrical lenses. The thickness of the planar laser
beam was 1 mm, while the width of the planar laser beam

was slightly larger than 4 mm. The LIF formed an image
on the planar laser beam. The LIF image was captured
using a charge-coupled device camera with a gated
image intensifier (ICCD camera) from the angle normal to
the incident laser beam. An interference filter was placed
in front of the camera to discriminate LIF from the self-
emission of the plasma.

The wavelength of the OPO laser for obtaining LIF
of OH was approximately 283.0 nm, which excited OH
at X2Π(v′′ = 0) to A2Σ+(v′ = 1). The fluorescence
was obtained at the two transitions of A2Σ+(v′ = 1) →
X2Π(v′′ = 1) and A2Σ+(v′ = 0) → X2Π(v′′ = 0).
The latter LIF was caused by the vibrational energy trans-
fer from laser-excited A2Σ+(v′ = 1) to A2Σ+(v′ = 0) [24].
The transition line of LIF for Na was the D line at the
wavelength of 589.00 nm (2S1/2 − 2P

o
3/2). Although the

wavelengths of the excitation and the fluorescence were
the same in the LIF measurement of the Na density, the
signal to noise (the stray light) ratio was much higher than
unity in the present experiment.

We carefully examined the influences of collisional
quenching and rotational temperature in the LIF measure-
ment of the OH density in a previous paper [25].
The principal quencher of laser-excited OH(A2Σ+) was
water vapor (H2O) in this experimental condition, and
the spatial distribution of the H2O density was estimated
by examining the spatial distribution of the quenching
frequency. The spatial distribution of the quenching fre-
quency was obtained by capturing the LIF images at var-
ious delay times after the injection of the tunable laser
pulse. The collisional quenching frequency of laser-excited
Na(2P o) was also examined in the present work using the
same manner as that in the previous work for OH radi-
cals [25]. The rotational temperature of OH(X2Π
(v′′ = 0)) was evaluated by measuring the LIF intensities
which were obtained at the laser wavelengths correspond-
ing to the Q branch excitations from rotational states with
rotational quantum numbers of J ′′ = 4, 6, 7, 9 and 10.
The spatial distribution of the rotational temperature was
obtained from the relationship between the LIF intensity
and the energy of the rotational state (the Boltzmann
plot) at each pixel of the ICCD camera.

In addition to the density distributions of OH, Na and
H2O, we examined the spatial distribution of water mist
in the present work. Since mist is a kind of particulate, we
adopted laser Mie scattering for detecting it. The OPO
laser in Figure 1b was replaced with the second harmonic
of a Nd:YAG laser. The image of the scattered laser light
was captured using the same ICCD camera as that used in
the LIF measurement. An interference filter at the same
wavelength as the incident laser beam was placed in front
of the ICCD camera.

3 Results

Figure 2 shows the distribution of the OH density, which
was observed at a gas flow rate of 73 ccm. The discharge
voltage and the discharge current were 950 V and 40 mA,
respectively. The positions of the nozzle electrode and the
electrolyte (NaCl solution) are illustrated in the figure.
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Fig. 2. Distribution of OH density observed at a gas flow rate
of 73 ccm. The discharge current and the discharge voltage were
40 mA and 950 V, respectively. The nozzle electrode works as
the anode of the discharge.

The nozzle electrode and the platinum wire were con-
nected to the positive and negative sides of the dc power
supply, respectively. The distribution shown in Figure 2
was reconstructed from the LIF image by considering the
spatial distributions of the quenching frequency of the
laser-excited OH(A2Σ+) and the rotational temperature
of OH(X2Π). The detailed procedure for obtaining the
spatial distribution of the OH density has been described
in the previous paper [25].

The spatial distribution of the collisional quench-
ing frequency of laser-excited OH(A2Σ+) is shown in
Figure 3. The gas flow rate, the discharge voltage, the
discharge current and the electric polarity of the dc power
supply were the same as those in Figure 2. As described in
the previous paper [25], H2O has the highest frequency of
collisional quenching for OH(A2Σ+) among H2O, N2, O2

and He [26–28]. Therefore, the distribution of the quench-
ing frequency shown in Figure 3 roughly represents the
distribution of the H2O density, especially in the bot-
tom part of the discharge space. According to the rate
coefficient of collisional quenching of OH(A2Σ+) by H2O
(7.23 × 10−10 cm3/s) [26–28], the maximum H2O density
in the discharge space was estimated to be 4×1017 cm−3.

Figure 4 shows the spatial distributions of the Na
density and the collisional quenching frequency of laser-
excited Na(2P o). The gas flow rate, the discharge volt-
age, the discharge current and the electric polarity of the
dc power supply were the same as those in Figure 2.
The spatial distribution of the Na density shown in
Figure 4a was reconstructed from the LIF image and the
spatial distribution of the quenching frequency shown
in Figure 4b. It is easily noticeable that the spatial
distribution of the quenching frequency of Na(2P o) is
different from that of OH(A2Σ+). According to the

4 mm

Nozzle
electrode

0 0.3 GHz
(linear)

NaCl solution

Fig. 3. Distribution of the frequency of collisional quench-
ing for OH(A2Σ+). The discharge parameters are the same as
those in Figure 2. This figure roughly represents the distribu-
tion of the H2O density.

distribution shown in Figure 4b, it is speculated that
ambient air (N2 and O2) largely contribute to collisional
quenching of Na(2P o).

The result of the mist detection in the discharge space
is shown in Figure 5. The gas flow rate, the discharge
voltage, the discharge current, and the electric polarity of
the dc power supply were the same as those in Figure 2
The spots in the figure shows the scattered YAG laser
light, which indicates the locations of mist. This is an
experimental evidence of the mist production from the
electrolyte irradiated by a plasma.

In this work, we examined the influence of the dis-
charge conditions on the spatial distributions of the densi-
ties of OH, Na, H2O and mist. A discharge parameter was
the gas flow rate. Figure 6 shows the LIF images of OH,
the spatial distributions of the collisional quenching fre-
quencies of OH(A2Σ+), the Na densities, and the images
of laser Mie scattering, which were observed at gas flow
rates of 73 and 219 ccm. The discharge current was fixed at
40 mA, and the discharge voltage was roughly unaffected
by the gas flow rate. The influence of the spatial distribu-
tion of the collisional quenching frequency is compensated
in the LIF images of OH, but the influence of the spatial
distribution of the rotational temperature is not consid-
ered since the evaluation of the rotational temperature is
seriously time consuming. Hence the LIF images shown
in Figures 6a and 6b do not represent the real distribu-
tions of the OH densities; however we can roughly know
how the gas flow rate affects the OH density. As shown
in Figures 6a and 6b, the OH density decreased with the
gas flow rate especially in the upstream region. The region
with a high quenching frequency concentrated in the
neighboring region to the electrolyte surface more signif-
icantly at a higher flow rate, as shown in Figures 6c and
6d. Note that the experimental result shown in Figure 6c
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Fig. 4. LIF results for Na at the same discharge parameters as
those in Figure 2. (a) Distribution of Na density and (b) dis-
tribution of quenching frequency of laser-produced Na(2P

o
).

is different from Figure 3, even though they were obtained
at the same discharge condition. Although the discharge
condition was the same, the experiments shown in
Figures 3 and 6c were carried out on different days in
winter and summer, respectively, suggesting that the H2O
density was affected by the humidity in the laboratory.
The Na density also decreased with the gas flow rate as
shown in Figures 6e and 6f. The distribution of the Na
density concentrated in the neighboring region to the elec-
trolyte surface more significantly at a higher gas flow rate.
This was also the case for mist. As shown in Figures 6g
and 6h, the concentrated distribution of mist was observed
at a high gas flow rate.

Another discharge parameter was the electric polarity
of the dc power supply. The experimental results shown
in Figures 2–6 were obtained when the electrolyte worked
as the cathode of the dc discharge. Figure 7 shows the
influence of the polarity of the power supply on the LIF
image of OH and the distribution of the collisional quench-
ing frequency of OH(A2Σ+). The discharge current and

4 mm

Nozzle
electrode

0 max.

(linear)

NaCl solution

Fig. 5. Distribution of mist in the discharge space, which was
examined by laser Mie scattering. The discharge parameters
are the same as those in Figure 2.

the gas flow rates were fixed at 30 mA and 73 ccm, res-
pectively. The discharge voltage was 940 V when the
electrolyte worked as the cathode, while it was 800 V when
the electrolyte worked as the anode of the discharge.
Only the influence of collisional quenching was compen-
sated in the LIF images of OH. As shown in the figure,
we observed lower densities of OH and H2O when the elec-
trolyte worked as the anode of the discharge. In addition,
it should be emphasized that we never detected Na and
mist in the discharge space, when the electrolyte worked
as the anode of the discharge.

4 Discussion

In the previous paper [25], we discussed the production,
the transport, and the loss processes of OH radicals in the
plasma in contact with the 1% NaCl solution on the basis
of the density distribution shown in Figure 2. The peak
position of the OH density shown in Figure 2 was located
in the region close to the electrolyte, but it was surely
separated from its surface. In addition, the OH density on
the electrolyte surface was not zero. From these results, we
can say that OH radicals are produced in the gas-phase
of the plasma, and they are transported back toward the
electrolyte surface. The electrolyte surface interacts with
OH radicals as their sink. A possibility of the loss process
on the electrolyte surface is recombination to form H2O2

and H2O. In addition, we can expect the transport of OH
radicals into the inside of the electrolyte. In contrast to the
OH density, the peak position of the quenching frequency
is in contact with the electrolyte surface, as shown in
Figure 3. This is reasonable since the major source of H2O
is the electrolyte in this experimental condition. Since
H2O is the parent of OH, the broader distribution of the
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Fig. 6. Comparisons of the LIF images of OH ((a) and (b)),
the spatial distributions of the collisional quenching frequency
of OH(A2Σ+) ((c) and (d)), the Na densities ((e) and (f)), and
the images of laser Mie scattering ((g) and (h)) observed at gas
flow rates of 73 and 219 ccm. The discharge current was fixed
at 40 mA.

OH density than the quenching frequency indicates the
considerable transport of OH radicals. OH radicals orig-
inated from H2O in ambient air partly contribute to the
distribution of the OH density, since the OH density is
affected by the humidity in the laboratory as shown in
Figures 3 and 6c.

The peak position of the Na density shown in
Figure 4a is separated from the electrolyte surface. This
indicates that the source of Na is not the surface of the
electrolyte but is in the gas phase of the plasma. A pos-
sible explanation for the negligible production of Na from
the electrolyte surface is the repulsion of Na+ in water by
the electrostatic force, since the electrolyte worked as the
cathode of the discharge in Figure 4. However, we observed
a much lower (negligible) Na density when the electrolyte

OH
(LIF)

Quenching
frequency

Electrolyte
cathode

Electrolyte
anode

(a) (b)

(c) (d)

0 0.6 GHz

0 max.
(linear)

(linear)

Fig. 7. Comparisons of the LIF images of OH ((a) and (b))
and the spatial distributions of the collisional quenching fre-
quency of OH(A2Σ+) ((c) and (d)), observed when the elec-
trolyte worked as the cathode and the anode.

worked as the anode, indicating that the reduction of Na+
at the plasma-liquid interface is negligible. This may be
reasonable from the viewpoint of conventional electrolysis,
where the product from the cathode electrode is not Na
but is H2.

On the other hand, the similar distributions of the Na
density shown in Figure 4a and mist shown in Figure 5
suggest that mist in the gas phase is the source of Na.
As has been reported in the previous paper [25], the gas
temperature in the plasma is higher than 2000 K. There-
fore, we can expect the vaporization of mist in the gas
phase, resulting in the production of Na. Since the trans-
port of Na is not expected because of the high reactivity,
the Na density has the similar distribution to the mist
density.

The experimental result shown in Figure 7 indicates
the importance of power deposition onto the electrolyte on
the production of water vapor and OH radicals. Although
there was a difference of ∼15% in the discharge power
when the electrolyte worked as the cathode and the
anode, the differences in the OH density and the quench-
ing frequency were greater than the power difference. This
is because the dominant energy transport from the posi-
tive column is toward the cathode. The power deposition
onto the electrolyte is especially important in the produc-
tion of mist, since we never detected mist and Na in the
discharge space when the electrolyte worked as the anode
of the discharge. Minagawa and coworkers pointed out the
importance of bombarding ion energy for the production
of water vapor and water clusters by a molecular dynamic
simulation [29]. They also pointed out the enhancement of
cluster formation in the presence of intense electric field.
The present experimental results agree with their molec-
ular dynamic simulation qualitatively.
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The experimental results observed at a higher gas flow
rate (Fig. 6) indicates the importance of transport along
the gas flow. The comparison between Figures 6a and 6b
reveal that the upward transport of OH radicals is dis-
turbed by the downward flow of He. In addition, as shown
in Figures 6c–6h, the products from the electrolyte were
pushed back toward the electrolyte surface. The experi-
mental results indicate that the design of the gas flow is
essentially important in the applications of plasma-liquid
interaction such as plasma medicine. Further investiga-
tions on the plasma parameters, the gas (rotational) tem-
perature, and the profile of the He flow are necessary to
obtain better understanding on the influence of the gas
flow rate on the structure of the discharge.

5 Conclusions

In this work, we examined the density distributions of OH,
Na, water vapor and water mist in atmospheric-pressure
dc helium glow plasmas in contact with NaCl solution.
The experimental results indicate that OH and Na are
produced in the gas-phase of the plasma. The parent mole-
cule of OH is H2O which is produced from the electrolyte.
The source of Na is mist which is also produced from the
electrolyte. The distributions of the densities of OH and
Na indicates their transports toward the electrolyte sur-
face. The power deposition is essentially important for the
production of water vapor and water mist from the elec-
trolyte. In addition, the gas flow affects significantly to the
density distributions of all the species. This paper gives
insight into plasma-liquid interaction, but further inves-
tigations are necessary to obtain advanced understanding
on it.

The authors would like to thank Fumiyoshi Tochikubo and
Naoki Shirai for the detailed information about the apparatus
of the dc glow discharge plasma source.
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