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The pulsed surface discharge on water has been focused as water purification technology
and material synthesis method. The contribution of this study is to clarify the plasma state
of a positive pulsed surface discharge on water. Although the pulse width of the current
dramatically decreases with the applied voltage ranging from 10 to 20 kV under the
conductivity of water of 1 mS/cm and water depth of 2 mm, the plasma state in the vicinity
of the needle electrode is local thermodynamic equilibrium (LTE) state. The validation of
the LTE was performed by McWhirter criterion. On the other hand, the propagating
discharge along the water surface is supposed to be the non-LTE state. Consequently, the

pulsed surface discharge on water is mixed states of LTE and non-LTE.
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1. Introduction

Pulsed surface discharge on water has been studied aiming water purifications and material
synthesis for several decades.'!” Understanding of the plasma behavior is important to
control the plasma chemical reactions; however, the plasma formation on the water surface
is not simple because the plasma parameters drastically change by experimental conditions,
e.g., water conductivity and water depth. The impedance of water solution varies by the
water conductivity and the water depth and has a significant impact on the formation of the
plasma in contact with the water. In addition, the impedance of water continues to vary while
propagating a surface discharge because the discharge contact area also varies with the
propagating discharge.!!"!? The effect of the experimental condition on the discharge contact
region with water was verified under a constant condition of applied voltage and water depth:
1) the discharge branching pattern on water changes as a function of water conductivity;'>!¥
2) the shape of the ground electrode immersed in water affects the surface discharge region
on water.'> On the other hand, the pulse current waveform is one of the indicators of plasma
behavior. The magnitude and width of pulse current through the plasma and water strongly
depends on the impedance of water and a capacitance of a pulsed power generator. Although
the above viewpoints are important to understand the plasma behavior, few studies have
focused on the changes in the plasma owing to the experimental conditions.

The pulsed surface discharge on water cathode has been reported under several applied
voltage and current as follows. P. Bruggeman et al. reported the time-dependent of emission
of the molecular and atom with a few tens of nanosecond square-wave voltage pulse of 4 kV
and the linear increase current reaching 4 A.'® S. Kanazawa et al. observed the ground-state
OH radicals by laser-induced fluorescence with the peak voltage of 20 kV and the current of
10 A.'7 P. Lukes et al. studied the oxidation processes in water originated from the surface
discharge with the peak voltage of 45 kV and current of 12 A.'® N. Midi et al. measured the
current distribution in water owing to the spark on water by applying a standard lightning
impulse voltage ranging from 15 to 20 kV and current ranging from 40 to 120 A.'” Y.
Akishev et al. demonstrated the control of the branching of the surface discharge on water
and trajectory of the discharge propagation by applying the voltage of 23 kV and the current
of 20 A.29 As stated above, the pulsed surface discharge on water has been studied quite
different conditions.

We studied the behavior of the pulsed surface discharge plasma on water against water
cathode by varying the applied voltage. A simple pulsed power circuit that consists of a DC

power supply, a capacitor, and a self-spark gap switch was used to verify the complex
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phenomena of the discharge. We discuss the local thermodynamic equilibrium of the plasma
using the plasma temperature and electron density by taking into account the current, applied

voltage, and pulse width.

2. Experimental setup

Figures 1 (a) and (b) show the experimental setup and a discharge observation system. The
discharge plasma was generated under atmospheric air. The capacitor (2 nF) was connected
in parallel to the needle-to-plane electrode. The pulsed voltage was applied to the tungsten
needle electrode when the self-spark gap switch was turned on. The gap distance between
the needle electrode and the water surface was approximately 1 mm. The ground electrode
was installed on the bottom of a plastic cylindrical container filled with water. The diameter
of the cylindrical container is 138 mm. The applied voltage was varied by adjusting the gap
length of the switch. The voltage at the needle electrode was measured by a high voltage
probe (Iwatsu Co. Ltd., Tokyo, Japan, HV-P30). A current monitor (Pearson electronics Co.
Ltd., Palo Alto, CA, USA, model 4100) was set at the ground side of the reactor to measure
the current. The conductivity of water was set to 1 mS/cm by dissolving potassium chloride
(KCl). The spectroscopic measurement was performed by a CCD multichannel spectrometer
(Glacier X, B&W Tek. Inc.). A radiance calibration of the spectrometer was done in advance.
The emission from the discharge channel immediately below the needle tip was measured
by a collimating lens as shown in Fig. 1 (b). The emissions of the pulsed discharge which is
automatically generated by the self-spark gap switch were accumulated to the spectrometer
within the exposure time of 15 s. The measurement region of the plasma depending on the
collimating lens was ¢ = 8 mm. Figure 2 shows the example of the top view of the single-
shot surface discharge on water (20 kV and water depth of 2 mm). The radial discharge
plasma grew along the water surface centering just below the needle tip. The measuring
region of the plasma was almost around the needle tip as can be seen in the scale of Fig. 2.
The maximum discharge length from the needle varied ranging from approximately 10 to 20

mm in this study.

3. Results and discussion

3.1 Voltage and current waveforms
Figure 3 shows typical voltage/current waveforms under the water depth of 2 mm. A large
pulse current flows via plasma channel and water after the self-spark gap switch and the gap

between the needle and water turn on. The plasma behavior is profoundly affected by the
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magnitude of the current and its duration time. The detailed plasma behavior is discussed in
Sect. 3.3. Figure 4 shows the peak value of current and its FWHM (Full Width at Half
Maximum) as a function of the applied voltage. The error bar indicates a standard deviation.
The peak current linearly increased with the voltage. Meanwhile, the FWHM of the current
dramatically decreased with the applied voltage. The magnitude of the current is important
in understanding the decay of the voltage/current waveforms. According to our previous
study, the field strength along the water surface is proportional to the current on the basis of
an electromagnetic theory.?" The large current with high voltage application leads to the
strong intensity field along the water surface. As a consequence, the large current enhances
the decay of the voltage/current waveforms because the strong field originated from the large
current facilitates the streamer branching and the discharge propagation.''? In other words,
the decay of the waveforms is essentially influenced by the resistance of water which varies
by the velocity of discharge and the amount of the discharge branching. The relation between
FWHM of the current and variation of resistance of water is explained by the simplified
equivalent circuit, as shown in Fig. 5. The circuit consists of the capacitor of the pulsed
power circuit, two gap switches, the cathode fall voltage, and the variable resistance of water
R(?). Provided that the resistance of the plasma was neglected owing to the quite small value
compared to the R(7). The decay of the current is briefly explained by a time constant CR()
because the increase rate of the discharge region influenced by the discharge velocity and
the amount of the discharge branching leads to the reduction rate of the R(¢). Therefore, the
variation of R(¢) has a significant effect on the FWHM of the current because of the constant

value of C.

3.2 ldentification of the species in plasma immediately below the needle electrode

Typical optical emission spectra of the pulsed surface discharge by applying 10 kV under
the different water depth (2 and 10 mm) are shown in Figs. 6 (a) and (b). The observed
atomic and molecular spectra in common through whole experiments were Hq, Hp, O, N, N2
(C-B), second positive system, and OH (4-X), which are well observed in the other
studies.!®?22?% On the other hand, the ionic spectra N which have not been observed from
the surface discharge on water were observed under the water depth of 2 mm, as shown in
Fig. 6 (a). The plasma is supposed to be a high ionization state because the current
immediately below the needle is extremely concentrated. The observations of the N™ under
atmospheric air plasma generated by laser ablation technique and pulsed power are reported

in the literature.?*?> The N is used to verify the local thermodynamic equilibrium (LTE) of
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the plasma in Sect. 3.3.

3.3 Plasma temperature and validation of local thermodynamic equilibrium
In general, LTE state in plasma is validated by following McWhirter criterion®¥

n, > 1.6 X 1012TY/2(AE)3, (1)
where 7. is the measured electron density in cm™, T'is the electron temperature in K, and AE
is the difference in the energies between the upper and lower states in eV.

Here, an ion excitation temperature 7Tex was assigned to (1) as the electron temperature 7'
because Tex is a good estimate of the T as opposed to an excitation temperature of the atom.?®
According to the literature, the excitation temperature of atoms is different from the electron
temperature because the distribution function of the excitation state of atoms is influenced
by the radiative recombination of ions. The Boltzmann plot analysis, which is a well-known
estimation method of 7ex, is expressed as follows

Igid Ej

Intkt = ¢ — ©)

IkAki kpTex’

where /i is the emissivity in Wmsr'!, 1 is the wavelength in nm, gk is the statistical weight
of the upper level, 4xi is the Einstein transition probability, Ex is the energy of the upper level,
ks is the Boltzmann constant, and C = In(Nxhc/4nZ(T)) (Nk is the atomic density of upper
level, /4 is the Planck’s constant, ¢ is the velocity of light, and Z(7) is the partition function).
The gradient value of the negative slope (In(/kiA/gkAxi) versus Ex/ksTex) indicates Tex. Figure
7 shows an example of the Boltzmann plots of N* (7ex = 30200 K). The selected four N*
lines for Boltzmann plots are summarized in Table 1.2” Figure 8 shows electron temperature
as a function of the applied voltage. The error range indicates standard deviation. The 7ex
increases with increasing the applied voltage.

The ne was estimated by a spectral broadening of H, to validate the LTE using the Eq. (1).
The broadening is normally fitted by Voigt function, which is a convolution function of
Gaussian (Doppler and instrumental) and Lorentzian (Stark and Van der Waals) broadenings.
The Doppler broadening AAp is expressed as follows

Adp =7.16 X 1077 A/T, /M, (3)
where the A is the wavelength in nm, the T is the gas temperature in K, and the M is the
atomic mass in u (unified atomic mass unit). In this study, the Doppler broadening of Hy, was
Ap = 0.081 nm even for 7 = 30200 K. On the other hand, the instrumental broadening A/

was approximately 1 nm. The FWHM of the Gaussian function A/c is defined as follows
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A = /AADZ + AL2 4)

The AAb can be neglected under this experimental condition because the calculated AAG was
nearly equal to A (1 nm).

The Van der Waals broadening (in nm) is
14

TN
(500)
where p is the pressure in bar, T is the gas temperature in K, and A4 is the case of a N2

perturber equal to 0.10 for Ho.?> As the T is in the ranging from 30000-50000 K, the

)

Mya waats =

contribution of the AAvd waais is extremely small compared to the total line width. The
assigned Ty to the Eq. (5) is relatively high as a translational temperature; however, the
assigned temperature is not irrelevance value because a pulsed arc discharge plasma in dry-
air with tens of thousands of kelvins was simulated under atmospheric pressure.?® Therefore,
the Lorentzian broadening AAL is approximated by Stark broadening As in this study. The
AJs was obtained by fitting the Voigt function convoluted by Gaussian and Lorentzian
broadening to the experimental profile of the H, as shown in Fig. 9. As a consequence, the

ne in cm™ is estimated by the following equation”
3/2
n, = 8.02 x 1012 (%5) : 6)

where the AAs is the Full Width at Half Maximum of the Stark broadening in angstroms and

the « is the reduced wavelength in angstroms. The variable number ¢ is tabulated in the
literature.>”

Figure 10 shows a comparison between the estimated n. from He and electron density
calculated by McWhirter criterion from the Eq. (1). Under the experimental condition
ranging from 10 to 20 kV satisfy the LTE because the ne is larger than that of the McWhirter
criterion. The plasma immediate below the needle electrode is LTE condition whereas the
propagating discharge channel along the water surface does not necessarily correspond to
the LTE. The plasma condition at the propagating surface discharge is supposed to be non-
LTE. P. Hoffer et al. reported the rotational and vibrational temperature of the surface
discharge on water estimated by N2 2™ positive system as a function of distance from the
needle electrode.?? According to the literature, the significant difference between vibrational
and rotational temperatures appears; the vibrational temperature is approximately 3000 K
and the rotational temperature is approximately 750 K. Consequently, the plasma condition
of the pulsed surface discharge changes from place to place. Figure 11 shows a rough sketch
of the pulsed surface discharge on water with supposed discharge phase. As stated above,

6
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the discharge plasma at immediately below the needle electrode is LTE state and is supposed
to be like a transient arc plasma. The discharge developing along the water surface is a non-
LTE state.””

Under the 2 mm water depth, the N* was detected and the resulting electron temperature
was above 30000 K (see Fig. 8). Here, a discussion arises regarding the validation of LTE
under the undetected N* condition as shown in Fig. 6 (b) (water depth of 10 mm and 10 kV).
The estimation of electron temperature is difficult unless N* is observed. However, since the
N" was not detected for the 10 mm water depth, the electron temperature for the 10 mm
water depth was below 30000 K, which is the highest value expected for water depth of 10
mm. Therefore, the electron temperature of 30000 K imposes the most severe McWhirter
criterion on the electron density required for the LTE establishment under the 10 mm water
depth. The electron density calculated by McWhirter criterion at the electron temperature of
30000 K was 4.2x10'> cm?, which was lower than that measured by Hy, (9.0x10'° cm™). As
a consequence, the establishment condition of LTE was fulfilled at water depth of 10 mm.

However, the detailed validation should be done in the future.

4. Conclusions

This study deals with the plasma behavior of the pulsed surface discharge on water which

dramatically changes even if the applied voltage increases simply. In addition, the local

thermodynamic equilibrium (LTE) of the plasma was verified on the basis of McWhirter
criterion. The obtained results are summarized as follows.

1. The peak value of the current linearly increased with applied voltage whereas the pulse
width of the current decreased exponentially. The cause of the decrease of the pulse
width of current is explained by the time constant CR(f) (C is the capacitance of the
pulsed power generator and R() is variable resistance of water). The decrease of R(¢) is
accelerated by the increase of the discharge contact area owing to the increase of the
discharge velocity and of the amount of the discharge branching. Consequently, the
increase in the peak of the current induces the decrease in FWHM of the current.

2. The discussions of the spectroscopic measurement are centered on the observation of
the ionic spectrum of N*. Although the N* is generally not observed from the surface
discharge on water, the N* was observed at the immediately below the needle electrode
in the case of the relatively thin water depth (2 mm). The observation of the N is
attributed to high ionization rate. Furthermore, this observation enables the estimation

of the electron temperature by Boltzmann plot to be utilized because the excitation
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temperature of N* gives a good estimation of the electron temperature.

3. The plasma state immediately below the needle electrode is estimated LTE because the
estimated electron densities ranging from 10 to 20 kV are larger than those of the
McWhirter criterion. On the other hand, propagated surface discharge separated from

the needle electrode is supposed to be non-LTE.
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Figure Captions

Fig. 1. Illustrations of the experimental setup. (a) Experimental circuit. (b) Spectroscopic

measurement system.

Fig. 2. Top view of the single-shot positive pulsed surface discharge on water (20 kV and

water depth: 2 mm).

Fig. 3. Typical voltage and current waveforms (20 kV and water depth: 2 mm).

Fig. 4. The peak and FWHM of the discharge current as a function of an applied voltage
(water depth: 2 mm).

Fig. 5. Simplified equivalent circuit of the experimental circuit including surface discharge

on water.

Fig. 6. Optical emission spectra of the pulsed surface discharge on water under the applied

voltage of 10 kV; (a) water depth: 2 mm and (b) water depth: 10 mm.

Fig. 7. Boltzmann plots from N* lines (10 kV and water depth: 2 mm).

Fig. 8. The plasma temperature as a function of the applied voltage (water depth: 2 mm).

Fig. 9. The profile of Hy, and the theoretical profile based on Voigt function (water depth: 2

mm).

Fig. 10. The electron density estimated by broadening of the Ho, and McWhirter criterion
(water depth: 2 mm).

Fig. 11. An illustration of the pulsed surface discharge on water and its discharge phase.
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Table I. The spectroscopic constants of four N* lines used for the analysis of Boltzmann
plot, where / is the wavelength of the line, Axi is the transition probability, gk is the statistical

weight of the upper level, Ex is the energy of upper level, and Ei is the energy of the lower
level. 27

A, nm Axi, s7! Ex, eV Ei, eV gk
500.45 122x10° 23.135 20.658 21
553.74 560 % 10° 27.739 25.501 25
567.94 560X 10° 20.658 18.475 15
593.85 565X 10° 23.244 21.156 15

12
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