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Abstract 

Yoon Sung-young 

Department of Energy Systems Engineering 

The Graduate School 

Seoul National University 

 

During the last two decades atmospheric pressure non-thermal plasmas in electrolyte have 

been spotlighted in view of environmental and medical applications. The simultaneous 

generation of ultra violet (UV) radiation and active hydroxyl radical (OH) makes the plasmas 

discharge in particularly suitable for decontamination, sterilization, purification, and lesion 

ablation purposes. Especially in lesion ablation, the electrolyte plasma has been spotlighted 

because of the advantage of minimized damage to surrounding tissue. The existing studies, the 

OH generation was increased through high applied power rather than investigation on the 

effect of the electrolyte on the electrolyte plasma discharge. The high applied power risen 

thermal damage is the basis of resulted in a limit in lesion removal rate using plasma. In this 

paper the mechanism of hydroxyl radical production in electrolyte streamer discharge is 

discussed based on the electric field. The emphasis is on their generation mechanisms and 

their physical characteristics. The electric field is considered as the key parameter since the 

plasma discharge, hydroxyl radical generation and loss reaction rate are determined by electric 

field. The streamer discharge shows high electron energy over 10 eV of electron energy with 

ionization degree of 10−5 – 10−4. These properties are quite different from the typical plasma 

properties known from low pressure gas discharges. In the plasma physics literature hydroxyl 
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radical production is primarily ascribed to be due to electron, metastable induced or thermal 

dissociation of water, processes which are dominant in (low pressure) gas discharges and in 

combustion and hot flames. Several previous work, reviewed in this work, are focused on the 

chemical kinetics with fixed boundary system for hydroxyl radical generation. In the 

electrolyte, the electrolyte surface is unfixed boundary, rising challenging physical issues. 

Since the effect of fluid dynamics and electrolyte ion on electric field profile within the plasma 

effect, the discharge in electrolyte plasma is considered as chaotic phenomena. Thus the 

mechanisms of OH generation and electrolyte plasma discharge are investigated by analyzing 

the electrical signal and optical signal from the plasma with the developed fluid-plasma hybrid 

model. In order to apply the breakdown electric field in the electrically conductive electrolyte, 

the electrolyte-immersed metal electrode surface should be completely covered by vapor as an 

insulating layer. Vapor coverage significantly influences on the discharge gas component and 

heat transfer. Compared to vapor coverage from electrolysis or external gas injection, vapor 

coverage formed through film boiling is advantageous because it prevents the chemical 

erosion of electrode, suppresses the increase in electrolyte temperature, and facilitates OH 

generation. Thus it is important to maintain the electrode at a temperature of at least 300 oC for 

forming the vapor coverage through film boiling. Negative streamer discharge is dominant in 

the vapor coverage because the sodium cation, the mobility of which is higher than that of the 

chlorine anion, is accumulated on the vapor surface. The electric field inside the vapor 

coverage can be described by the ratio between the voltage difference across the coverage and 

effective thickness of the vapor. Because the thickness of the vapor coverage oscillates with 

respect to time owing to heat exchange with the viscous electrolyte, the electrolyte exhibits 

periodic streamer discharge. 

The mechanism of streamer propagation inside the electrolyte vapor is electron impact 

ionization, which is non-photo-ionization caused by the vibrational and rotational energy of 
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the discharge gas H2O and different from ionization in air. Water molecules are dissociated to 

OH in ionization front of streamer by impact of electron, accelerated to 18.2 eV by electric 

field of 52 kV/cm. This ionization front is not extinguished when it reaches the surface of the 

vapor coverage, and it propagated along the vapor surface because the Taylor cone instability 

phenomenon sustains the electron energy above 15 eV, which corresponds to and electric field 

of 34 kV/cm. The OH is mainly formed through the discharge that propagates along the 

surface of the vapor coverage because the OH in the vapor volume is lost by recombination to 

hydrogen peroxide (H2O2). Thus the widening the surface area of the vapor coverage is 

important to enhance the formation of OH electrolyte plasma. 
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Chapter 1 Introduction 

1.1 Plasma Generation in Electrolyte for OH Generation 

In the past decade, plasmas inside and in contact with liquids (hereafter referred to as 

“electrolyte plasma”) have been attracted attention as a source of UV and reactive radicals. 

The large number of papers and conference proceedings published non-thermal atmospheric 

pressure plasmas in liquids emphasizes the increasing interest in the field of plasma physics 

and chemistry. Discharges in liquids provide new scientific challenges and emerging 

technological opportunities for the plasma researchers. Several applications have already been 

developed and are close to widespread practical use, including a plasma needle tip for surgery 

for the ablation of human organs [1], lithotripsy [2], miniaturized chemical analysis of liquid 

composition [3], and environmental purification like disintegrate the pollutants in waters [4] 

and, respectively. Control and stable generation is the key issue of non-thermal plasmas in 

liquid, which is a topic of ongoing investigation. The reason is that the plasmas in liquids are 

more intricate than the gas phase. In most cases, as the liquid acts as one of the electrodes, the 

liquid electrodes deforms and evaporates. Moreover the ions in liquid should be considered 

when the plasma is discharged in an electrolyte, as in present work. Considering the ions in 

liquid adds significant complexity to the system in comparison with the relatively inert gas 

with metal electrodes for gas phase non-thermal plasmas. Discharges in liquids generate UV 

radiation and active radicals (OH, atomic oxygen, H2O2, etc.) all of which are effective agents 

against many types of biological and chemical matter. This makes liquid plasmas particularly 

suitable for decontamination and sterilization, which is the mean reason why this kind of 



 

２ 
 

electrolyte plasma have been extensively studied in the past two decades. This research field is 

often misconstrued to be new; however, liquids were already introduced in the field of plasma 

one century ago as described in [5]. However, the considerable complexity of electrolyte 

plasmas has impeded a comprehensive understanding of the fundamental physics and 

chemistry. One of the main causes for the currently limited fundamental insight in the physics 

of these plasmas is that only few diagnostics are applicable because of the complex discharge 

geometry and the surrounding liquid. Optical emission spectroscopy (OES) is one of the most 

widely used diagnostics for electrolyte plasmas. This paper focuses on the investigation of OH 

generation by considering the plasma generation mechanisms and physical characteristics of 

plasmas in electrolyte. 

As mentioned above, the plasma generated OH can ablate the organic molecules [6]. In 

particular, small-scaled electrolyte plasma is a promising tool for minute invasive treatment to 

reduce back pain by disintegrating the collagens in the herniated nucleus pulposus (HNP) with 

the products of the electrolyte plasma as shown in the Figure 1-1 [1,7]. Lee et al. treated 

numerous of back pain patients by using an electrolyte plasma generation device for HNP 

ablation and reported successful results for pain reduction [1]. The mechanism of HNP 

ablation by plasma generated OH is shown in the Figure 1-1 [6]. HNP is composed of gelatin, 

a massive collagen molecule chain. The plasma generated OH disintegrates the collagen 

molecule chain through a hydrogen abstraction reaction. Since the human spine is surrounded 

by spinal nerves electrical and thermal safety must be secured along with efficiency 

improvement. Thus the electrolyte temperature should be maintained at less than 60 oC with 

high OH generation rate. In this work, the OH generation mechanism is investigated in 

theoretically and experimentally investigated, starting from the generation mechanism of 

electrolyte plasma and considering the effects of the fluid dynamics of electrolyte on plasma 

properties. 



 

３ 
 

  



 

４ 
 

 

Figure 1-1. Example of lesion removal by using plasma: ablation of herniated nucleus pulposus (HNP) to 

reduce the back pain. The electrolyte plasma is able to ablate the gelatin of HNP by generating OH [1]. The 

OH is disintegrate the gelatin by hydrogen abstraction reaction as shown in the yellow box [8]. 
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1.2 Previous Works on Plasmas in Electrolyte for OH Generation 

1.2.1 Generation of Breakdown Region in Electrolyte  

The electrolyte plasma is significantly different from other atmospheric discharges with 

metal electrodes. First, since the electric conductivity of normal saline in the human body is 

1.6 S/m, an insulating layer must be created on the metal electrode surface to induce the 

breakdown voltage. Thus, it is necessary to understand the bubble generation on the electrode 

and the OH generation mechanism by electrolyte-plasma discharge in the electrolyte solution. 

Numerous groups have reported the results from the generated plasmas generated in liquids 

with four different bubble generation methods: the Joule heating [9], the electrolysis [10], the 

fast rising time pulse voltage [10], and the external gas injection [11]. The electrolysis resolves 

the water molecule into hydrogen and chlorine gases. The electrolysis can generate only gas 

bubbles on electrodes and cannot develop vapor coverage on electrode. In the fast rising pulse 

methods, the rising time of a pulse tpulse must be shorter than the characteristic time for 

polarization τliquid. 

 pulse liquidt t<   (1.1) 

In this work, the plasma is directly discharged in the electrolyte by generating the vapor 

coverage through Joule heating from the electrolyte ion current. As shown in the Figure 1-2, 

the vapor from the Joule heating is more suitable than electrolysis to prevent the electrode 

erosion caused by chemical reaction and OH generation. Although the external gas injection 

method can control the discharge gas species, an additional gas guiding system requires a large 

incision to the human body if the system is immersed to ablate HNP. Woloszko et al. 

demonstrated electrolyte plasma generation by Joule heating with RF driven power on a 

saline-immersed bipolar electrode, as shown in the Figure 1-3. They measured the impedance 
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between two electrodes and the OES from the discharged electrolyte plasma [12]. By 

increasing the amplitude of the input voltage, the impedance between the two electrodes 

increased from ~500 Ω and it became saturated at ~10 kΩ when the full vapor coverage was 

formed on the metal electrode surface. The discharge of the electrolyte plasma in the full vapor 

coverage was verified by observing the generation of four excited species, namely sodium 

ions (Na+), hydrogen atoms (H), oxygen atoms (O), and excited hydroxyl radical (OH). Based 

on these results, Woloszko et al. suggested that the full coverage by the vapor had to be 

formed on the metal electrode to achieve the breakdown of the electrolyte plasma [7]. Second, 

the discharge electric field is determined by the ratio between vapor voltage and thickness of 

vapor coverage thickness: 

 electrode surf
vapor

vapor

V V
E

d

-
= ,  (1.2) 

where the |Evapor|, Velectrode, Vsurf, and dvapor are the electric field amplitude in the vapor coverage, 

applied voltage on the electrode, vapor surface voltage and vapor thickness, respectively. The 

value of dvapor is not fixed; it is changed by the power balance between the vapor and 

electrolyte according to fluid dynamics. Schaper et al. generated the electrolyte plasma by 

applying a negative square voltage of up to 500 V on a 0.5 mm diameter tungsten electrode 

inserted in a glass capillary in 0.9 wt% saline solution [13,14]. The generation mechanism of 

vapor coverage was studied through experiment and the numerical modeling. In the numerical 

model, the authors assumed that Joule heating energy dissipates into the electrolyte via the 

heat conduction. The temperature dependent thermal and electrical conductivity of saline was 

considered. The electrode temperature was estimated as 100 – 250 oC in the model estimated 

result. In this temperature range, superheating can occur on the metal electrode surface. The 

liquid vaporizes without the bulk electrolyte boiling because the liquid is locally heated to a 

temperature above the boiling temperature. Schaper et al. observed that the vapor was 
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developed on the electrode edge in the initial stage of applying power on the electrode, where 

the electric field is concentrated. The increase of electrode temperature leads to the vapor 

coverage on the electrode. During vapor generation, however, the boundary of bubbles move 

because of hydrodynamic force, causing the electrode-surrounding electrolyte to flow. This 

flow of the electrolyte indicates that not only molecular collision (conduction) but also mass 

transfer (convection) occurs in the thermal energy dissipation [15]; the latter was ignored in 

the work by Schaper et al [13,14], which focused on the effect of the boiling temperature of 

water on the static vapor coverage formed on the metal electrode with a Joule heating rate of 

up to ~106 K/sec. The dynamics of bubble coverage and relation of the discharge with the 

shrinking size of the bubble coverage, which occurs in practice, is not fully explained yet. The 

vapor surface is deformed by the plasma electric field. Figure 1-4 shows the electrolyte surface 

deformation in streamer discharge caused by the electric field from the ionization head [16]. 

The water surface is deformed by the electric field due to the dipole moment of the H2O 

molecule. Above a threshold value, the electrolyte is sprayed into the plasma. This phenomena 

is called Taylor cone instability (TCI) [16]. The threshold electric field Ethr and characteristic 

time τTaylor for TCI are 
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where the σ, ρ, γ, and εr are the properties of liquid; electrical conductivity, mass density, 

surface tension coefficient, and relative dielectric constant. The ε0, and g are permittivity and 

acceleration of gravity, respectively. Substrate the physical properties of 0.9 wt% of NaCl, σ = 

1.6 S/m, ρ = 1 kg/m3, γ = 1.4 mN/m, and εr = 80, the threshold value in 0.9 wt% saline solution 

are 4.7 kV/cm and 0.4 ns. The reported work only observed TCI on the pin-to-liquid, not the 
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immersed tip. Because the threshold electric field and characteristic time can be met in the 

discharge in this work, the TCI should be considered to investigate the discharge composition. 

  



 

９ 
 

 

Figure 1-2. Methods for generating vapor coverage on the metal electrode surface: (a) electrolysis and (b) 

boiling. 

 

 

Figure 1-3. Formation condition of plasma in electrolyte with applied voltage [7]. 
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Figure 1-4. Liquid spray into plasma caused by Taylor cone instability from electric field [16]. 
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1.2.2 Pathway of OH Generation in Plasmas 

The OH radical can be produced through a large number of reactions. The major reactions 

producing OH are listed in the Table 1-1 with the typical values of reaction rates. The plasma 

conditions for which these typical rates are valid are indicated in the table. From this table, it is 

clear that the dissociation is driven by electron collision and attachment reactions, ion–electron 

and ion–ion recombination reactions, and thermal dissociation and collisional dissociation 

reactions with other radicals and metastables. Vibrationally excited water molecules are also 

easy to dissociate for producing OH. The highest rates correspond to electron–ion and ion–ion 

recombination reactions, which will become important for plasmas with a large degree of 

ionization. The major reaction rates from the literature are shown in Figure 1-5. The large 

amount of different plasma sources investigated in the field of plasmas inside and in contact 

with liquids spans a large range of parameters Te, Tg, and ne. The ionization degree ranges 

from approximately 10−2 to 10−8, while gas temperatures are between 300 K and 6000 K. 

Typically, the electron temperatures of steady-state plasmas, which can be obtained from the 

existence demand of the plasma, are approximately 1 to 2 eV. The only exceptions are highly 

transient plasmas such as streamers, which can have a larger Te. Because of this large variety 

of plasmas and plasma properties, the dominant radical-production mechanism can 

significantly change between different discharges or even within the same discharge in the 

case of transient discharges, which consist of an ionizing phase and a recombining phase 

separated in time. 

At atmospheric pressure, discharges are often excited by sub-microsecond voltage pulses. 

Some typical properties of these plasmas for streamers, dielectric barrier discharge (DBD), 

and glows are summarized in Table 1-2. In all these cases, the plasma is highly transient and 

evolves from a purely ionizing plasma to a recombining plasma. It is clear that except for 

nanosecond pulsed streamers, which are expected to have instantaneous electron energies in 
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the streamer head up to 10 eV, the production of OH due to dissociative recombination after 

the pulse (in the case of a pulsed duration of the order of 100 ns) is, in all cases, still important 

in the percentage range or even more of the total production of OH. Both ionization and 

recombination processes occur in dc excited steady-state discharges. In this case, the radical 

production in the ionizing plasma core can be dominated by electron-induced dissociation 

opposed to the surrounding edge of the plasma, for which dissociative recombination 

processes locally produce the radicals. 

Thus, the most dominant OH generation pathways are the electron-impact dissociation of 

H2O and H2O
+ molecules. However, other reactions are cannot be ignored, because other 

reactions affect the density of H2O and H2O+ as well as reactant sources. The reaction rate is 

sensitive to electron energy. Streamer discharge is suitable for OH generation owing to high 

electron energy at the ionization front. 

Table 1-1. Dominant reactions producing OH quoted from the literature. 

Reaction Rate coefficient (cm3s-1) Remark Reference 

Thermal dissociation 

H2O + H2O → OH + H + H2O 10-20 – 10-14 Tg = 2500 – 5000 K [17] 

Electron dissociation 

H2O + e- → OH + H + e- 10-12 – 10-10 Te = 1 – 2 eV [17] 

Electron–ion dissociative recombination 

H2O
+ + e- → OH + H 10-10 Te = 1 eV [17] 

H3O
+ + e- → OH + H2 + e- 10-7 Te = 1 eV [17] 

Dissociative attachment 

H2O + e- → OH + H- 10-12 – 10-11 Te = 1 – 2 eV [17] 

Water ion hydration 
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H2O
+ + H2O → H3O

+ + OH 10-09  [18] 

Positive–negative ion recombination 

H- + H2O
+ → OH + H2 10-13 Tg ~ 300 K [18] 

H- + H3O
+ → OH + H2 + H 10-13 Tg ~ 300 K [18] 

Dissociation by radicals and metastables 

O(1D) + H2O → OH + OH 10-16 Tg ~ 300 K [18] 

O + H2 → OH + H 10-17 – 10-11 Tg = 300 – 3000 K [18] 

H + O2 → OH + O 10-21 – 10-11 Tg = 300 – 3000 K [18] 

H + O + M → OH + M 10-14 Tg = 300 – 3000 K [19] 

Dissociation by vibrational excitation 

H2O
+ + H2O

* → OH + H + H2O 10-14 
Tv = 0.5 eV 

Tg = 300 K 
[19] 

 

Table 1-2. OH generation rate with plasmas. 

Te (eV) ne (cm-3) Tg (K) Generation  (cm-3) Discharge type Reference 

1 1014 300 1014 Glow [20] 

1 1015 300 1016 Glow-like [21] 

2 1015 300 1016 Glow-like [22] 

3 1014 300 1016 DBD [23] 

10 1014 300 1017 Streamer [24] 
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Figure 1-5. Major reactions of OH generation and loss with electron energy. The major OH generation 

path is transit from H2O
+ dissociation to H2O dissociation at threshold of 15 eV, as marked in the figure. 

 

 

Figure 1-6. Diagram of reaction pathway of OH generation and loss. The H2O dissociation by electron 

impact is preferred for high OH generation rate and low loss rate.  
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1.2.3 Properties of Plasmas in Electrolytes 

The properties of electrolyte plasma have been studied by OES emission, especially the OH 

emission band for rotational temperature [25] and Hβ for electron density [26], have 

been studied using OES emission. 

The rotational temperature of OH can be obtained from the spectrum of OH emission, 

described as 
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where the I emission intensity, nOH(A) density of excited OH, υJJ’ the frequency of the transition 

from rotational level J to level J’, AJJ’ the corresponding transition probability. Since the AJJ’ is 

function of rotational temperature, the rotational temperature can be deduced from the OH 

emission spectrum. The data table from the Dieke and Crosswhite [27] are widely used for 

analyze the energy and the wavelength (λ) of the OH transitions in many papers for 

atmospheric pressure non-thermal discharges [20,23,25,28]. The same data set is used in this 

work. The energy state of OH is shown in Figure 1-7. The UV emission from excited OH are 

mainly emit from the transition from 1st excited state X2Π (circle) to ground state A2Σ+ (with 

square). In each electron energy level, the rotational energy levels are included. The OH(A–X) 

(0,0) transition is simplified notation for the transition of X2Π to A2Σ+ and υ’=0 to υ=0. 

On the validity of spectrum method on OH rotational temperature estimation, the 

Bruggeman et al have been reported in [25]. The values of the rotational temperature in [25] 

are those obtained by the Boltzmann plot method as in Figure 1-8. In the electrolyte plasma, 

the OH(A-X) (0,0) transition exhibits non-Boltzmann behavior as shown in Figure 1-8. In the 

first approximation a two-temperature distribution can be fitted to the rotational population 

distribution. A significant overpopulation of the high rotational states is observed in 
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comparison with a Boltzmann distribution starting from J = 17 of OH(A), ν = 0 is observed. 

T1 is taken as the rotational temperature of OH. Owing to the significant emission of nitrogen 

in this case the rotational temperature of nitrogen can be obtained and is found to be 1550 ± 

175 K. The rotational temperature of N2 is thus much smaller than the temperature parameter 

T1 of OH. The two temperature distribution is due to the different production mechanisms of 

OH(A), e.g. electron dissociative recombination of H2O
+ and electron dissociative excitation 

of H2O but they have not been quantitatively studied. Further, in the latter case, the OH(A) can 

be originated from the different excited states of the parent molecule leading to multiple 

temperature distributions [22]. A similar two temperature distribution is also found for 

CH(A2Δ) in a CH4 DBD [29]. As the remnants of the creation mechanism of OH(A) are 

clearly seen, it is important to make some estimates of the time scales of the different removal 

and relaxation mechanisms. The elastic collision time of OH for a neutral density of 4 × 1024 

m−3 and a cross section of 1019 m2s−1 is of the order of 1 ns, which is significantly smaller than 

the radiative lifetime of OH(A), ν = 0, which is in the range of 700 – 1100 ns, depending on 

the rotational level [30]. In comparison, the radiative lifetime of N2 (C–B) is 40 ns. Thus, one 

expects the thermalization of the rotational population distribution when the energy gap 

between the rotational levels is less than the gas temperature. The corresponding formula at J = 

17 is thus 

 ( ) ( )( ) ( )11 1 cm ,J BA J J J J k T -+ - - =  [27]  (1.6) 

where AJ the rotational constant 17.4 cm−1 and kB is the Boltzmann constant. This corresponds 

to a temperature of 850 K, which is even considerably smaller than the rotational temperature 

of N2 which is 1600 K. From the latter temperature one should expect thermalization up to J = 

32 or at least up to J = 22 because the higher rotational levels can be pre-dissociated [23]. The 

above gives an indication that the non-Boltzmann behavior cannot be explained purely from a 

thermal point of view. For completeness the rotational level at which the rotational energy is 
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equal to the energy of the next vibrational level, i.e. 

 ( ) 11 3180.5 cm ,JA J J w -+ = =   (1.7) 

is J = 13. This value does not correspond to the J-number at which the overpopulation begins, 

and it excludes large interference from the higher vibrational levels on the J-level at which the 

overpopulation begins. The rotational relaxation rate of OH(A) for collisions with H2O 

depends on the energy difference between the levels and is measured from J = 0 to J = 15 [17] 

for a temperatures of 1360 K. The characteristic times are in the range 1.7–5 ns, which is of 

the same order of magnitude as the quenching lifetime, clearly indicating that thermalization 

of the rotational states is not possible. Nonetheless, the discharge is the same, and only the 

intense nitrogen emission corresponding to an increase in nitrogen concentration seems to shift 

the transition point to higher rotational numbers. This observation is consistent with the 

decrease of approximately a factor of 3 in the cross section of the rotational relaxation of 

OH(A) with N2 instead of H2O. The T1 temperature corresponding to J = 21 is also higher than 

that corresponding to J = 17 [17]. Another possible reason for the multiple-temperature of 

OH(A) is the quenching of OH(A) which depends on the species [25]. Indeed, electronic 

quenching of excited states of OH(A) must be taken into account at atmospheric pressure. 

With the quenching rate at 1600K taken from [17,24] as well as the above-mentioned neutral 

density, a quenching lifetime of OH(A) of approximately 2 ns is found. It is clear that the latter 

process can be an obstacle for the thermalization of rotational levels below J = 17 for the 

OH(A–X) transition. Additionally, the quenching rate of OH(A) with H2O depends on the 

rotational level and decreases approximately by a factor of 2 with increasing rotational 

excitation at room temperature [31]. However, the contribution of this effect to the 

overpopulation of high rotational states will be small because of the decrease in the level 

dependence with increasing temperature [9]. The corresponding rotational temperature of N2 

is 2750 ± 500 K, which is significantly higher than the cases discussed above. It should be 
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noted, however, that similar reasoning as for OH(A–X) (0,0) could be valid for N2(C–B) 

because for the investigated conditions the quenching lifetime of N2(C) is of the same order of 

magnitude as that one of OH(A) [31]. Rotational energy transition (RET) rates in pure 

nitrogen lead to similar values as for OH(A) in water [9]. The RET for N2 is often assumed to 

be very fast in atmospheric pressure discharges which implies for this assumption that the 

rotational temperature of N2 is an accurate estimate of the gas temperature. However, the 

energy separation between the rotational states of N2 is smaller than for OH (the rotational 

constant for N2(C) is 1.8 cm-1, in contrast to 17.4 cm−1 for OH(A)), which could facilitate RET 

for the collisional RET with H2O and thus increase the RET rate in comparison with that of 

OH(A). This could indicate that the rotational temperature of OH represent the energy state of 

OH and not thermalized to ambient gas temperature. 

The Stark broadening of the Hβ Balmer line is typically used in plasmas to measure the 

electron density. By using this method it is possible to measure densities as small as 1020 m−3 

[9,26]. Although the Hα line has the highest intensity it is almost never used to measure 

electron densities, especially for small electron densities, because of its sensitivity for self-

absorption and strong broadening by ion dynamics [26]. In [26], extensive tabulations of line 

widths are given for wide ranges of electron density, temperature and reduced mass. In 

addition, the following fit is also given to obtain the plasma electron density from the line full 

width at half maximum (FWHM). The very weak dependence of this line FWHM on the 

emitter–perturber reduced mass (and in turn on kinetic equilibrium conditions in the plasma) 

makes this line especially interesting for discharges in liquid for which the determination of 

the electron temperature is difficult. In order to measure the electron density from the FWHM 

of the Hβ emission line, the contribution of the natural broadening to the Lorentzian FWHM is 

at least an one order of magnitude smaller than the experimental error and the van der Waals 

broadening. The non-thermal atmospheric pressure plasma are satisfies this condition [32]. 
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Since these broadening mechanisms are statistically independent (as is usually assumed for 

Stark and Doppler broadenings) the total profile can be calculated as the convolution of the 

profiles due to all the independent effects. For this, assuming that the total profile is a Voigt 

profile, that is, that the Stark profile has a Lorentzian shape and that instrumental and Doppler 

broadenings are pure Gaussian, one can extract the Lorentzian and Gaussian part of the profile 

using 
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which is considered valid with high precision [33]. In this work, the electron density obtained 

from the simulation is in good agreement with the values calculated from this equation. 
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Figure 1-7. Energy levels of OH of ground state A2Σ+ (with square) and 1st excited state X2Π (circle). In each 

excited level, the rotational vibrational energy levels are included. The energy transition pathways are also 

noted. 
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Figure 1-8. Boltzmann plot of the OH(A–X) (0–0) transition. The excited level of transition (J) is notated on 

the figure. 

 

 

Figure 1-9. Fit of the Hβ-line profile with the technique of Gigosos and Cardenoso (lines) on the measured 

in [34] (square).  
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1.3 Point of View: Discharge in Electrolyte as Un-fixed Boundary 

Problem 

With small vapor coverage, the discharge regime can be very chaotic. A periodic 

breakdown regime exists. Because of the energy deposition of the discharge, the bubble 

expands during plasma discharge and continues expanding after breakdown until the electric 

field is lower than the breakdown threshold value. This lowers the electrical field inside the 

vapor coverage until the discharge stops when electron attachment begins to dominate impact-

ionization processes of electrons. This causes low temperature to sustain the size of the vapor 

in power balance; thus, the bubble shrinks until new electrical breakdown occurs. This leads to 

a self-pulsing plasma with a millisecond-order period. Akishev et al. investigated oscillating 

bubble expansion due to plasma in air bubbles on the time scale of seconds and ascribed the 

process to evaporation [35]. The significant current oscillation and blurry images indicate that 

plasma with fluid dynamics is presented. Furthermore, it is reported that the plasma has 

negative voltage–current characteristics [9]. However, as described above, previous works on 

OH generation by electrolyte plasma did not consider the electrolyte chemistry and fluid 

dynamics, because the high complexity of the streamer–liquid interaction and accurate 

estimates of the different physics contributing to this voltage drop are beyond the scope of the 

studies, as shown in Figure 1-10 [11,34]. In the [11], plasma in an air bubble in an electrolyte 

is simulated by assuming a fixed bubble boundary, i.e., no change in bubble size and ions from 

the electrolyte. However, the two factors play an important role in the plasma discharge 

because the electron energy sensitive to gas composition and viscosity on vapor coverage 

determine the breakdown electric field. 

In this work, the mechanism and control factors of plasma discharge and OH generation 
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are experimentally investigated and analyzed with a one-dimensional electrolyte plasma–fluid 

hybrid power-balance model. In Yang’s work [36], an analytic energy fulfillment model was 

adopted on the bubble inside the liquid with temperature-dependent fluid constants and 

numerically solved to estimate the time-varying vapor thickness and plasma properties 

including OH density. The following three factors are newly considered to investigate the OH 

generation mechanism in an electrolyte plasma, as noted in Figure 1-12: 

1) Vapor coverage size for breakdown electric field with electrolyte viscosity. 

2) Plasma discharge mechanism to estimate the electron energy and gas composition. 

3) Pathways of OH in electrolyte plasma, corresponding to electron energy. 

The chemical reaction is estimated by considering inelastic e-n collision based on a local 

field approximation [37] and n-n reactions [19]. The heat from plasma is estimated on the 

basis of the momentum transfer through elastic collision. Since the hydrodynamics from 

electrolyte flow is considered with phase transition, surface tension, and viscosity, convective 

heat transfer must be considered in this work instead of the heat coefficient of conduction. 

Furthermore, the effect of electrolyte ion accumulation on the vapor surface on the surface-

tension coefficient with electro-wetting [38,39] is considered. The optical emission spectrum 

of the electrolyte discharge consists of excited hydroxyl, hydrogen, oxygen, and sodium 

emission. 
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Figure 1-10. Plasma discharge in air gas injected bubble in water [40]. 
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Figure 1-11. Expansion and shrinkage of a single bubble in a cavitation [36]. 

 

 

Figure 1-12. Schematic diagram of the fluid dynamics and plasma hybrid model.  
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Chapter 2 Development of Model for Electrolyte 

Streamer 

In the electrolyte plasma discharge in the vapor coverage, the thickness of the vapor 

coverage is an important parameter that determines the electric field with the given applied 

voltage. The thickness of the vapor coverage is determined by the difference between the 

thermal energy gain and loss. The thermal energy in the metal electrode surface is dissipated to 

the ambient air via the surrounding vapor coverage, the saline, and the container, as shown in 

Figure 2-1. The right side and left side of Figure 2-1 show the overall model structure and a 

magnified view inside the quartz container, respectively. The counter electrode is shown as a 

virtual counter electrode, which is the dashed circle, and is not divided by saline but only 

considered in the electrolyte-plasma equivalent circuit model. The interface between the vapor 

and saline is not a fixed boundary but a moving boundary with evaporation and condensation. 

Thus, the viscosity of the saline and the effect of the temperature of the gas inside the vapor on 

the vapor boundary during the expansion and shrinkage of the vapor coverage have to be 

considered.  

During heat dissipation, the convective thermal coefficient of water vapor is changed by 

the temperature of the gas, as shown in Figure 2-2, because of the rarefied vapor density [41]. 

The convective thermal coefficient of water vapor linearly decreases with temperature in 

range of 25 oC – 250 oC. Above 250 oC, it exponentially decreases and reaches ~10-3 W/m2 at 

330 oC. Thus, the model for estimating time-resolved vapor thickness with the metal electrode 

temperature and electrolyte-plasma discharge must consider the temperature-dependent 

material coefficient and circuit model to reflect the effect of vapor thickness. The numerical 
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model to estimate the temperature of the electrode tip and the corresponding temperature 

distribution consists of two parts: a thermo-fluid model and an electrolyte-plasma equivalent 

circuit model. The thermo-fluid model is modified from Yang’s work and is developed for the 

temperature and radius of bubbles resulting from cavitation [36]. In the work, the energy 

fulfillment model was developed for the temperature and power dissipation of a bubble in an 

infinite liquid. The balance equations of pressure and power are 
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where the λ, T, Pplasma, U, Ω, p, j, y, cp, T, ρ, γ, r, and σ are the convective thermal coefficient, 

the temperature, the Joule heating power, the fluid velocity of saline at the vapor surface, the 

viscous work during the vapor thickness change, the pressure of the ambient air, the radius of 

the vapor coverage, the water vapor condensation rate, the water vapor evaporation rate, the 

specific heat under constant pressure, the temperature at the vapor surface, the density of water 

gas in the vapor coverage, the surface tension coefficient, the radial position from the center, 

and the vapor surface charge density, respectively. The time-varying vapor thickness and 

corresponding plasma discharge can be numerically estimated though the time-varying vapor 

thickness in viscous work (3rd term of equation pressure balance). The two factors, PJoule and σ, 

are added to Yang’s model because the bubble-generation mechanism in this work is Joule 

heating, rather than pressure drop, and ions in the saline accumulate on the surface of the 

vapor [38], respectively. The buildup of the surface charge on the vapor varies the surface 

tension coefficient, γ [39]. The LHS of the power balance is the heat flux from the metal 

electrode. The 1st, 2nd, 3rd, and 4th terms on the RHS of the power-balance equation are the 

Joule-heating power, mechanical work on the vapor during the change in vapor thickness, 
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mechanical work by the vapor on the saline during the change in vapor thickness, and 

enthalpy variation during the phase transition at the vapor surface, respectively. The heat 

dissipation in the saline, quartz, and ambient air is considered to be through conduction. 

The calculation flow chart is presented in Figure 2-3. The vapor electric field is estimated 

to determine the solution of the fluid dynamics equation only or plasma hybrid model. If the 

vapor electric field is lower than the breakdown threshold value, the Joule-heating power is 

estimated from the electron–ion current heating on the electrode only. On the other hand, 

when the electric field is sufficiently high for plasma breakdown, the Joule-heating power is 

estimated from the elastic collisions in plasma. The governing equations are continuity 

equations for charged and neutral species: 
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Here, n is the number density, D is the diffusion coefficient for charged species, and Â  

represents the generation and loss terms due to reactions. The reactions are listed in A3. The 

subscript x denotes each species. 
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To estimate the elastic collision, the electric field distribution within the vapor is calculated by 

using the Poisson’s equation because the swarm parameters of charged species are the 

function of the reduced electric field, E/N. In the streamer discharge simulations, most results 

reflect the streamer discharge in 2D due to a largely localized electric field. The 2D method 

needs large computing power. Davies et al. [42] developed a disk method to overcome the 

computing power requirement and applied the one-dimensional (1D) Poisson’s equation on 

the highly localized streamer discharge. The externally applied electric field Eextermal is first 
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obtained from Laplace’s equation. Then, the electric field affected by space charges in the 

discharge range is calculated by assuming a single cylindrical channel of micro discharge as a 

set of infinitesimally thin disks in a streamer with constant radius as depicted in Figure 2-4 
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where ρ is the surface charge density on the thin disk. The streamer radius is assumed as 200 

μm. The total electric field is then determined by the summation of Eextermal and Esc. The 

deformation of a free surface of a conducting liquid has been calculated for the deformation of 

a water surface before corona onset by assuming small deformations and consequently 

without considering the influence of the new water surface profile on the electric field Esurface. 
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The swarm parameters of electrons were calculated using the Boltzmann equation as a 

function of E/N by using the BOLSIG+. The electron density is determined from the source 

and loss terms. Similary, the elastic e-n collision power is calculated for plasma heating power 

as a function of the reduced electric field E/N: 

 ( )elplasma iz e x
x

P k E n ne= ´é ùë ûå .  (2.7) 

  

                                                   
† The details of electric field estimation in disk method is described in A.1. 
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Figure 2-1. Structure of the 1D fluid plasma power balance model: 1—the tip electrode, 2—the vapor 

coverage, 3—the saline solution, 4—the virtual counter-electrode, 5—the quartz container and 6—ambient air. 

The rE, rV, rL, rQ and rA denote the radius of the tip electrode, the vapor coverage, the saline solution, the quartz 

container, ambient air and the virtual counter-electrode, respectively. 
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Figure 2-2. Convection heat coefficient of water vapor for the vapor temperature. 



 

３２ 
 

 

Figure 2-3. Estimation sequence of the 1-D electro-fluid power balance model. 
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Figure 2-4. Schematic diagram of 1.5D streamer model using the disk method [43]. 
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Chapter 3 Experimental Setups for Generation of 

Electrolyte Plasma and Diagnostics 

3.1 Electrolyte Immersed Tip Discharge 

The experimental apparatus for the generation of the electrolyte plasma and the 

diagnostics on the characteristics of the electrolyte plasma are shown in the Figure 3-1. For 

electrolyte plasma generation, an RF voltage of 380 kHz was applied to the electrode of 1 mm 

in diameter. The range of the RF voltage amplitude was 234 - 280 Vrms. The bipolar electrode 

(marked (a) in the Figure 3-1) consists of the concentric high voltage (HV) stainless steel 

electrode (tip) and a ring-shaped stainless steel counter electrode (counter). Those electrodes 

are electrically separated by a polymer (dielectric). The surface areas of tip and counter are 

1.12 mm2 and 5.24 mm2, respectively. Note that the smaller surface area of a tip is less thermal 

capacity than the larger one. The diameter of dielectric is 1.2 mm and length is 1.3 mm. The 

saline is a solution of NaCl and water to simulate the plasma in the human body. In order to 

regulate the Joule heating current, the electrical conductivity of saline is controlled from 0.8 to 

3.2 S/m by adjusting the NaCl concentration in the range of 0.45 % - 1.8 wt%. The container 

is consistsof quartz because of its chemical stability and it is also transparency in the UV to 

visible spectrum. To control the electrolyte viscosity, gelatin is mixed in the NaCl electrolyte, 

as shown in Figure 3-2. The electrolyte viscosity with gelatin mass percentage is summarized 

in Table 3-1. 

During the vapor-coverage formation, the variations in the impedance and the electrolyte-

plasma generation current are estimated from the measured V–I signals. 
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Table 3-1. Viscosity of electrolyte with gelatin percentage. 

Electrolyte percentage (%) Gelatin percentage (%) Viscosity (kg s-1m-1) 

100 0 0.3 

90 10 1.1 

80 20 2.2 

70 30 3.2 

The applied voltage is bipolar, and the voltage difference between the two electrodes is 

measured using two 1000:1 HV probes (HV probes 1 and 2 in Figure 3-1, Tektronix P6015A). 

Therefore, the applied voltage is defined from the measured values as  

 
tip counterV V Vº -   (3.1) 

The current signal is measured at the tip electrode, which is the one with the vapor 

coverage and electrolyte-plasma generation, by using the 10:1 current probe (i.e., the current 

probe in Figure 3-1 Pearson model 411). The process of the vapor-coverage formation on the 

tip electrode and the thicknesses of the vapor coverage are monitored by taking images from a 

high-speed camera (HSC; Phantom V.2) at 40000 frames/s with 25-μs exposure time. The 

observation is concentrated on the shape of the vapor on the electrode, and the shadow 

imaging method is used in the HSC. In the shadow imaging method, the light is located on the 

opposite side of the electrode toward the camera to enhance the contrast between the vapor 

and the saline. The discharge of the electrolyte plasma in this study is identified by monitoring 

the time-resolved optical emission signals from OH(A-X) (306.4 nm) by using a photo-

multiplier tube (PMT; Princeton Instruments, Model P2 with Model PD-438 PMT housing). 

The incident wavelength in the PMT is controlled by using a grating (600 gr and 1200 gr; line 

resolutions of 0.05 nm and 0.016 nm, respectively) in the monochromator (Princeton 

Instruments, PI-MAX2 500i). The H* (Hβ, hydrogen emission line in the Balmer series) signal 

is monitored to measure the electron density.  
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Figure 3-1. Apparatus of the electrolyte plasma discharge and a picture of the discharge bipolar electrode, 

marked with (a). The electrolyte plasma is discharged inside the saline by applying the bipolar RF voltage on 

the immersed electrode. The V-I signals, the thickness of the bubble, the time varying OH(A-X) optical 

emission signal intensity, and the emission spectrum during the electrolyte plasma generation are monitored by 

the voltage and current probes, a high speed camera, and a PMT with a monochromator, respectively. 

 

 

Figure 3-2. Image of gelatin mixed electrolyte with gelatin mass percentages of (a) 10 %, (b) 20 %, and (c) 

30 %.  
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3.2 Pin-to-electrolyte Discharge for OH Generation on Electrolyte 

Surface 

In the electrolyte-immersed discharge system, it is difficult to observe the spatial resolution 

of plasma properties due to the diffraction of emitted light. Thus, the pin-to-electrolyte-plasma 

discharge is necessary for the spatial diagnostics of the plasma and electrolyte surface, as 

shown in Figure 3-3, by modifying the pin-to-liquid system in [16]. The plasma was 

discharged by applying ±1 kV square-pulse voltage to a stainless-steel pin electrode located 

1.5 mm above the saline. The frequency and voltage duty ratio were 20 kHz, and 50% (TREK 

voltage amplifier 20/20C and Agilent function generator 33220A, respectively). The spatially 

resolved rotational temperature of OH is observed using the same monochromator mentioned 

in section 3.1. The lens system, consisting of three plano-convex lenses and one 10-μm 

pinhole, is added to the apparatuses for 100-μm spatial resolution. The focal lengths of the 

lenses are 45 mm, 25 mm, and 15 mm‡. High-speed images of plasmas were obtained using 

an intensified charge-coupled device (Princeton Instrument Pi-MAX 2 500i) with a camera 

lens (Nikon AF Nikkor 85 mm f/1.8D). The exposure time was 5 µs. Emission from OH(A-X) 

(0,0) with a band head of 306.4 nm was observed using an optical band-pass filter of 307 nm 

with 10-nm bandwidth (Edmund optics #67-885). The N+
2 -emitted UV-ray emission (around 

310 nm) was ignored because of its relatively low intensity.  

  

                                                   
‡ The chromatic aberration of lenses should be considered when constructing the optical 

diagnostics [31]. The noted lens sets are only available for a wavelength range of 290–310 nm. 



 

３８ 
 

 

Figure 3-3. Pin-to-electrolyte discharge and lens system to measure the OH rotational temperature with 

generation pathway. 
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3.3 Diagnostics of Plasma Properties and OH 

3.3.1 Optical Filter System for Time-resolved OH Emission Image 

In an electrolyte plasma in saline, it is known that OH(A) emits the UV ray (306.4 nm) 

from the reaction of H2O + e− → OH(A-X), (0,0) + H + e− and that Na+∗ emits the visible ray 

(589.0 nm) from the reaction of Na+ + e− → Na+∗ + e− [7]. In this experiment, the generation of 

OH∗ in electrolyte plasma is observed through images taken using high-speed cameras (HSCs) 

equipped with optical filters and mirrors. The experiment was carried out in saline (0.9 wt% 

NaCl and an electrical conductivity of 1.6 S/m). The discharge system consists of a high-

voltage electrode tip (“electrode” in Figure 3-4) and a ring-shaped counter electrode. These 

electrodes are separated with a dielectric polymer (“dielectric” in Figure 3-4) as shown in 

Figure 3-4. An electrolyte plasma is generated in the vapor coverage over the electrode. The 

ac-driven voltage applied on the electrode was fixed as 280 Vrms at the power of 56 W. The 

shadow method and integration of mirrored image methods are adopted, and the experimental 

setup is shown in Figure 3-4. It can be observed that the shape of vapor bubble and the 

visible/UV ray simultaneously separated the electrolyte plasma image. For the shadow 

method, the vapor coverage shape is recorded using HSC1 (Phantom V.2, 40 k fps with an 

exposure time of 25 µs). For the integration of the mirrored image method, mirrors of M1 and 

M2 mirrors are placed facing the electrode. Images through F1 (the visible-ray pass filter) and 

F2 (the UV-ray pass filter) are reflected at M3. M3 is placed for simultaneously obtaining two 

images, which represent each half side of the electrodes, formed by reflection from M1 and 

M2. HSC2 (Phantom V.10, 200 k fps with the exposure time of 5 µs) records the images of 

visible and UV rays reflecting from M3. 
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Figure 3-4. Photograph of discharge tip and schematic of the optical setup. HSC1 and HSC2 are the high-

speed cameras; M1 and M2 are the plane mirrors; M3 is a wedge-shaped mirror; F1 is the a visible-ray pass 

optical filter; and F2 is the UV-ray pass optical filter. 
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3.3.2 Measurement of Electron Density and Rotational Temperature of OH 

The properties of the electrolyte plasma such as the products, rotational temperature of OH, 

and electron density are measured using optical emission spectroscopy. The Figure 3-5 shows 

the representative optical emission signal in range of 250–850 nm. The species corresponding 

to the emission lines are noted in the figure. Na+ shows the highest intensity because it has the 

lowest excitation threshold energy (2.1 eV) among the electrolyte plasma species. The OH, H, 

and O are fragments from the H2O. The OH(A–X) emission band is often used for 

determining the gas temperature in atmospheric-pressure plasmas [22,24,44,45]. H and O 

show single-atomic emission, but OH shows a band signal due to the rotational excitation of 

the OH radical. The best correspondence of the synthetic spectrum with the experimental 

spectrum provides the value for the rotational temperature. The released program like 

LIFEBASE® assumes that the rotational states are Boltzmann distributed [46]. However, non-

Boltzmann distributions of the rotational states of OH(A) have been found in the diaphragm 

and capillary discharges in liquids [25]. This two-temperature distribution is due to the 

different production mechanisms of OH(A), e.g. electron dissociative recombination of H2O
+ 

and electron dissociative excitation of H2O. Furthermore, in the latter case, the OH(A) can be 

originated from different excited states of the parent molecule leading to multiple temperature 

distributions. Thus the OH emission spectrum from the atmospheric pressure discharge can be 

analyzed to the rotational temperature based on the OH density with rotational state as 

mentioned in the section 1.2.3. 

Figure 3-6 shows that the OH emission is mainly caused by the A2Σ+ → Π2X, υ  ́= 0 → υ 

= 0 transition from the 1st excited state to ground state, which indicates that the estimated gas 

temperature is lower than the 1000 K [25]. OH can be excited to 2nd and higher excitation 

levels when the gas temperature is greater than 4000 K [25]. The OH rotational population 

distributions of OH(A) is considered as follows: one group with low rotational number caused 
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by the excitation of previously formed OH, and another group of highly rotational excited OH 

radicals directly produced by electron impact dissociation of water molecules. The first group 

is assumed to be in thermal equilibrium with the heavy particle temperature. The high 

rotational excitation is believed to be a consequence of the momentum conservation. The 

rotational population distribution of OH(A) produced by electron impact on water can be 

described as a superposition of a three temperature Boltzmann distribution. 

The rotational population distribution is not determined by the kinetic temperature but is 

rather an image of the formation process of OH(A). As already mentioned above, formation 

processes can favors the production of high or low rotational excited OH(A) or even when 

multiple formation channels exist a superposition of OH(A) with different temperature 

parameters, specific for every process leading to two or more superimposed Boltzmann 

distributions can be expected as shown in the Figure 3-7. Especially expected for plasmas in 

atmospheric pressure, where the collisional time is significantly shorter than the radiative life 

time of OH(A) (which is of the order of 700 ns) and multiple collisions can occur before the 

excited OH(A) state radiates. The rotational temperature of OH is measured by fitting the 

simulated emission signal to the measured one, as shown in Figure 3-8. 

Figure 3-9 shows the measured emission of the hydrogen beta line from the electrolyte 

plasma. By fitting the emission signal in the Voigt profile the electron density ne can be 

estimated from the following relation [20]: 

 ( ) ( )3 241.784 10 ,e Voigtn cm nml- = ´   (3.2) 

where λVoigt is the full-width at half-maximum (FWHM). The value of λVoigt and ne in the 

electrolyte plasma are 0.27 nm and ~1014 cm−3, respectively. The value of ne is comparable to 

the measured values 2×1013 – 7 × 1015 cm−3 for liquid discharges in the previous studies 

[11,47]. The surface discharge and the dumping of plasma charge on the vapor surface may 

affect the vapor dynamics by the heat source and the variation in the surface tension coefficient 
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variation through the electro-wetting effect [39], which will be discusses in chapters 4 and 5. 
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Figure 3-5. Example of optical emission spectrum of electrolyte streamer discharge in 0.9 wt% NaCl saline 

solution excited at 250 V. 
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Figure 3-6. Emission spectrum of OH and simulated intensity with OH rotational energy transition. 
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Figure 3-7 Emission intensity of OH with rotational state number, noted by the number in the figure. 
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Figure 3-8. OH rotational temperature estimation by fitting the simulated OH emission spectrum to the 

measured result. 

 

 

Figure 3-9. Electron density measurement by fitting the Hβ emission broadening with the Voigt function 
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Chapter 4 Mechanism of Plasma Discharge in 

Electrolyte 

4.1 Mechanism of Vapor Coverage Formation 

The mechanism of vapor coverage is investigated by confirming the validity of the 1-D 

fluid- plasma model. Examples of the measured thickness of vapor coverage measured from 

the HSC images are shown in Figure 4-1. The tip electrode, dielectric, and counter electrode 

are marked with dotted lines in the images. The boundaries of the vapor are marked with solid 

circles. Figure 4-1(a) and (b) are the representative images for the partial coverage with 

separated individual bubbles and full vapor coverage with a merged bubble, respectively. The 

thicknesses of the vapor coverage are calculated by dividing the volume of bubbles by the area 

of the tip electrode surface Atip (1.2 mm2), after excluding the volume of the tip Vtip (1.1 mm3). 

In this case the individual bubbles are considered as spheres and the thickness is 
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which is the summation over individual bubbles (of radius r) randomly formed on the 

electrode. Thus, the value d represents the thickness of the bubble if the individual bubbles are 

spread over and cover over the entire surface of the electrode. In a merged bubble, the volume 

of the elliptical vapor is considered to be symmetric about the electrode axis; therefore, the 

thickness is 
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where ra and rb are the horizontal radius and the vertical radius of the bubble coverage of the 

electrode, respectively. The diameter of the counter-electrode (1.2 mm) is used as a reference 

for the vapor radius. 

A comparison of the bubble thicknesses between the experiment and the 1D model is 

shown in Figure 4-2. The dots are results from the experiment, and the lines are those from the 

model. The thickness of the vapor coverage is proportional to the voltage applied on the tip 

electrode and the electrical conductivity of the saline because of the high Joule-heating current. 

The results from the model show good agreement with the experimental results within 10% 

error. Thus, the power balance between the fluid pressure on the vapor surface and surface 

tension is satisfied in the smaller surface area of the saline compared with a non-electrolyte 

liquid. The dashed rounded box and solid square box indicate the conditions of non-discharge 

and discharge, respectively. In the non-discharged condition, the vapor coverage is not 

developed; only the individual bubbles are generated, similar to the case of Figure 4-1(a). The 

thickness remains in the range 25–30 μm, independent of the electrical conductivity of the 

saline. In the discharged cases, the vapor thickness is in the range 100–185 μm. It seems that 

the thickness of the vapor coverage saturates instead of linearly increasing with the applied 

voltage and electrical conductivity of the saline because the vapor coverage blocks the 

electrolyte-ion conduction current and no additional heating occurs on the tip. Thus, the vapor 

coverage should shrink and then collapse, unless the electrolyte-plasma discharge heats the 

vapor and metal electrode. This indicates that the bubbles are generated by the heat flux from 

the heated tip; thus, the increase in the tip temperature by Joule heating on the surface of the tip 

is important for vapor-coverage formation. 
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The contribution of the electrolyte-ion conduction current to the vapor-coverage formation 

by increasing the tip temperature is shown in Figure 4-3. The time taken for the vapor-

coverage formation is inversely proportional to the ion conduction current for a given heat 

capacity of the tip. The electrical conductivity of the saline solution (0.8 S/m) is not included, 

because full vapor coverage is not generated in the experiment owing to the lack of a 

conduction current in the applied voltage range. The conduction current in the saline solution 

of 1.6 S/m (square dots) cannot meet the condition for full vapor-coverage formation at the 

lowest applied voltage of 234 Vrms. An increase in the applied voltage generates a higher 

conduction current, and a fast increase in the temperature at the tip electrode reduces the time 

required for vapor-coverage formation. The amplitude of the conduction current is 

proportional to the electrical conductivity of the saline solution for a given voltage, and an 

electrical conductivity of 3.2 S/m (circular dots) in the saline solution yields a conduction 

current twice as high and requires half the time compared with a conductivity of 1.6 S/m. 
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Figure 4-1. High-speed images of bubbles on the electrode; (a) individual bubbles and (b) and a merged 

bubble (r1 and r2 are the estimated radius of the individual bubble; ra and rb represent the radius of bubble 

coverage of the electrode). 
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Figure 4-2. Thicknesses of vapor coverage from the experiment (dots) and model (line) with the applied 

voltage and electrical conductivity of the saline solution. 

 

 

Figure 4-3. Thicknesses of vapor coverage from the experiment (dots) and model (line) with the applied 

voltage and heat conductivity of electrode.  
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The threshold value of the tip temperature for full vapor-coverage formation, as mentioned 

above, is the one that occurs in the film-boiling step, which is shown in Figure 4-4. The heat 

flux from the electrode is presented with the corresponding representative HSC images of the 

bubbles and the diagram of boiling with the electrode temperature. The boiling at the heated 

electrode surface can be classified into three steps: nucleate boiling (or subcooled boiling), 

transition boiling, and film boiling. When the electrode temperature is less than 120 ◦C, 

nucleate boiling occurs, and the heat flux from the electrode temperature is increased from 103 

to 105 W m−2. Here, the temperature and heat flux are estimated from the model. In the HSC 

image obtained during nucleate boiling, individual bubbles are generated on the metal 

electrode. Owing to the low electrode temperature, bubbles are generated on the edge tip, 

where the electric field is concentrated. In transition boiling, vigorous bubble generation on the 

tip surface blocks heat delivery from the tip to the surrounding saline, and the heat flux is 

decreased despite the higher tip temperature. Thus, the merged bubble during transition 

boiling prevents a decrease in the tip temperature by surrounding the tip with a low-heat 

conductive vapor. Film boiling occurs when the temperature of the electrode is greater than 

300 ◦C. The low gas density of the vapor inside the heated bubble causes a low heat flux [48]. 

The vapor forms full coverage on the tip surface, and the saline is completely separated from 

the tip surface. Thus, a full coverage of the vapor on the tip, an essential condition for 

electrolyte-plasma generation, can be achieved by film boiling. Estimations of the time-

varying thickness of the vapor coverage, the temperature of the tip surface, and the 

corresponding convective thermal coefficient of the vapor are shown in Figure 4-5. The time 

domain is controlled to match the experimental results of Figure 4-4. During step I, the 

thickness of the vapor coverage is increased by the tip temperature. The convective thermal 

coefficient of the vapor sustains the room-temperature value. As the temperature of the tip 

electrode increases, the convective thermal coefficient begins to decrease during transition 
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boiling. The convective thermal coefficient linearly decreases from 0.6 to 2 × 10−4 W m−2 with 

the tip temperature. After the application of voltage for 0.4 s, the electrode temperature is 

increased up to 300 ◦C, and the heat-transfer coefficients saturate. The temperature of the tip 

surface is maintained at approximately 330 ◦C owing to the poor convective thermal 

coefficient resulting from the rarefied gas density in the vapor coverage. The vapor coverage 

stops the expansion, and the oscillation amplitude decreases compared with that at the low 

temperature during nucleate boiling and transition boiling. This implies that the vapor 

coverage is sustained by the heat flux from the electrode surface by film boiling. The 

temperature of the electrode must be higher than the threshold value for film boiling on the 

electrode surface. The full coverage of the bubble on the tip electrode due to film boiling can 

be confirmed by monitoring the variation of impedance measured from the V–I signal. Here, 

the impedance of the operating electrode is defined as 
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where V , I and τ are the measured voltage difference, current and the period of the RF voltage 

frequency τ = 1/f , respectively, as shown in Figure 4-5. The phase shift between current and 

voltage due to plasma discharge is not considered. The three steps in the boiling phenomena 

are clearly observed in the electric signals. The negative time originates from the oscilloscope 

measurement and has no physical meaning. The electric power is applied at 0.0 s. In the 

nucleate boiling step, from 0.0 to 0.2 s, the current and voltage increase. The increase in the 

voltage and current indicates that Joule heating heats up the tip and enhances the bubble 

generation rate on the tip surface. Vigorous bubble generation on the tip surface blocks the ion 

conduction current and increases the impedance. The peak value of the current is decreased 

from 0.1 to 0.07 A in the transition step, from 0.03 to 0.34 s, because the individual bubbles 
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merge into a single bubble during nucleate boiling. Note that no discharge current is observed 

during the merged bubble step. In transition boiling, bubbles do not form a stable full coverage 

on the tip surface but instead depart from the tip surface. The saturated impedance of 2 kΩ 

implies that the rates of bubble generation and departure are equal. As the tip temperature is 

increased by Joule heating and reaches the threshold value for film boiling, from 0.55 s, a 

stable full coverage of the merged bubbles is formed on the tip. The sudden increase in the 

current peak in step III indicates the electrolyte-plasma discharge. The separation of the 

impedance values, a high impedance of 4 kΩ and a low impedance of 1 kΩ, implies the 

temporal discharge of the electrolyte plasma. 
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Figure 4-4. Thickness of vapor coverage (solid line), temperature of the electrode (dotted line), and 

convective thermal coefficient of the vapor (dashed line) estimated from the 1D model. The vertical dashed 

lines separate steps I, II, and III. 
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Figure 4-5. Measured V–I signal and estimated impedance during bubble coverage formation and 

electrolyte plasma discharge. The vertical dashed lines separate steps I, II, and III. Note that the discharge peak 

current is only observed in step III and that the impedance is separated into two values.  
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The electrical characteristics of saline and the vapor coverage can be verified by observing 

the V–I signal during the period of RF driving power and comparing with the HSC images. In 

addition, during the three steps mentioned above, bubbles on the tip surface are involved in 

power dissipation and electrolyte-plasma discharge. The model-estimated electrode heat flux, 

bubble heat loss via the bubble surface, and electrolyte plasma power are shown for each step. 

The HSC images of bubble formation during nucleate boiling are shown in Figure 4-7(a)–(c). 

The time the image was taken, matching that in Figure 4-4, is marked at the top of each image. 

During nucleate boiling, individual bubbles are generated at the sharp edge of the tip. In the 

V–I signal during nucleate boiling, in Figure 4-6, the electrical conduction current is clearly 

shown. The current linearly increases with increasing voltage, as shown in step I of Figure 4-5. 

This indicates that the bubbles only cover a part of the tip surface and that there is electrically 

conductive electrolyte contact on the electrode. The model-estimated tip temperatures and 

vapor coverage thicknesses are shown in Figure 4-8. The marks in Figure 4-7(a), (b) and (c) 

correspond to those in Figure 4-8(a), (b) and (c), respectively. In (a) and (c), no vapor coverage 

is seen, but the individual bubbles partially cover the tip because the heat flux from the tip is 

lower than that from condensation. The heat flux from the tip exceeds the condensation power 

by 0.5 W in (b). The tip temperature value, which is lower than the boiling temperature of 

saline at 100 ◦C, implies that the individual bubbles are generated by subcooled boiling with 

the enhanced Joule heating current generated by the electric field concentrated at the tip edge. 

The vapor coverage cannot be sustained. 
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Figure 4-6. V–I signal of a period of applied voltage during nucleate boiling. The applied voltage is 280 Vrms 

and the electrical conductivity of the saline solution is 1.6 S/m. 

 

 

Figure 4-7. HSC images of the bubble on the electrode during step I, nucleate boiling. The time the image 

was taken corresponds to that shown in Figure 4-8 and is marked in each image. The applied voltage is 280 

Vrms and the electrical conductivity of the saline solution is 1.6 S/m. 
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Figure 4-8. Electrode temperature and bubble thickness (upper graph) estimated using the model, and the 

dissipated power values (lower graph) during nucleate boiling. The applied voltage is 280 Vrms, and the 

electrical conductivity of the saline solution is 1.6 S/m. (a) and (c) are the periods in which condensation heat is 

higher than the heat flux from the electrode. The heat flux from the electrode is comparable to the 

condensation heat only during period (b). 
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In transition boiling, the bubbles repeat the vigorous generation process on the entire tip 

surface, merge, and collapse, as shown in Figure 4-10(a)–(i). The individual bubbles merge to 

form a single vapor coverage, as shown in Figure 4-10(a). However, the vapor coverage is not 

sustained and collapses, as shown in Figure 4-10(b). After the vapor coverage collapses, 

individual bubbles are generated on the tip surface again (Figure 4-10(b)–(d)). The mechanism 

of bubble generation is Joule heating, which is the same as in nucleate boiling but faster. Note 

that 7.5 ms is necessary to re-form the merged vapor coverage. The accumulated heat and 

high temperature of the tip stimulate the evaporation of the electrolyte. The period of 

formation and collapse of the merged vapor is not fixed within transition boiling but is 

shortened as the tip temperature increases. The re-buildup time of 7.5 ms in Figure 4-10(b)–(e) 

is reduced to 5 ms in Figure 4-10(f)–(h). In the I–V signal shown in Figure 4-9, only the 

displacement current is observed when the merged bubble covers the tip because the vapor 

blocks the electrolyte-ion conduction. The increase in the applied voltage and the 

corresponding reduced current amplitude, compared with Figure 4-5, indicate that the vapor 

capacitor increases the impedance between the bipolar electrodes. However, no electrolyte-

plasma discharge is observed, because the vapor coverage has collapsed suddenly and 

developed again. This pattern keeps repeating until the tip temperature satisfies the film-

boiling condition. As shown in Figure 4-11, the tip surface temperature exceeds the boiling 

temperature of the saline during the time periods of Figure 4-11(a) and (c). Thus, the 

individual bubbles are generated not only on the edge but on the entire surface. The 

condensation heat-loss power is higher than the heat flux from the tip (6 W); consequently, the 

vapor coverage collapses. 
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Figure 4-9. V–I signal of a period of applied voltage during transition boiling. The applied voltage is 280 

Vrms and the electrical conductivity of the saline solution is 1.6 S/m. 
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Figure 4-10. High-speed images of a bubble on the electrode during step II, the transition boiling step. The 

time the image was taken corresponds to Figure 4-11 and is marked in the upper left corner of the images. The 

applied voltage is 280 Vrms and the electrical conductivity of the saline solution is 1.6 S/m. 
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Figure 4-11. Electrode temperature and bubble thickness (upper image) estimated using the model, and 

dissipated power (lower image) during transition boiling. The applied voltage is 280 Vrms, and the electrical 

conductivity of the saline solution is 1.6 S/m.  
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4.2 Effect of Vapor Coverage Generation Mechanism on Gas 

Composition 

Prior to discussing the discharge mechanism of electrolyte discharge, the composition of 

gas in the bubble should be investigated. The study of bubble gas composition with the driving 

frequency was carried out through the analysis of the residual mass percentage, (w/w) %, of 

Na+ and Cl- (here after, rmpNa and rmpCl) in saline that remained after 10 min. of voltage 

applied to the electrode [49]. Two different devices were used to measure the rmps of cation, 

Na+, and anion, Cl-, in saline. The value of rmpNa was measured by using the inductively 

coupled plasma atomic mass spectrometry (Shimadzu, ICPS-7510) and the rmpCl was 

measured by using the Liquid chromatography (Thermo Finnigan, LCQ). 
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The bubble formed on a powered electrode has two typical mechanisms of electrolysis 

and boiling. The bubble generation mechanism can be investigated from the analysis of the 

indicator R, which is defined as the ratio of the residual mass percentage of Na+ to that of Cl-, 

as mentioned in the introduction. 

 .Na

Cl

rmp
R

rmp
º   (4.6) 

The difference in residual mass percentage, Δrmp, represents to the variation of ions. For 

Na+ and Cl-, 

 ( ) ( ) _0,Na Na Narmp f rmp f rmpD = -  and (4.7) 
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 ( ) ( ) _0 ,Cl Cl Clrmp f rmp f rmpD = -   (4.8) 

where the ΔrmpNa(f), rmpNa(f), and rmpNa_0 are the rmp difference of Na+ at the driving 

frequency of f, rmp of Na+ at the driving frequency of f, and initial rmp of Na+, respectively. 

The definition for Cl- is the same as that for Na+. The value of rmpNa_0 and the rmpCl_0 in 0.9 wt% 

saline can be obtained with the atomic masses of Na+ (23.0) and Cl- (35.5) as follows: 

 _ 0

23.0
0.9 %

23.0 35.5

0.35 %

Narmp = ´
+

=

  and (4.9) 

 
_ 0

35.5
0.9 wt%

23.0 35.5
Clrmp = ´

+
.  (4.10) 

Thus, the initial R, R_0 is equal to the ratio between the atomic mass of Na+ and Cl- which 

is 0.65. Figure 4-12 shows the results of R measurement with the driving frequency. In the 

dashed line and dotted lines indicate the zero value of Δrmp and R_0 = 0.65, respectively. The 

value of ΔrmpNa is remained in zero up to 2 kHz. At a frequency less than the 2 kHz, the 

deviation of rmpNa from the initial value is negligible. On the other hand, a negative ΔrmpCl is 

observed in lower frequency than the 2 kHz. As a result, the R is increased by the decreased 

rmp of Cl- and the higher increase of R is observed in the lower frequency. The increase in R 

clearly indicates that the bubbles are generated by electrolysis at frequencies less than 2 kHz 

because the hydrogen and chlorine in saline are returned to gas molecules at the electrode 

surface, which represents gasification. It is necessary that the ions stay on the electrode surface 

for several milliseconds to exchange the electrons and undergo gasification as a result of 

electrolysis [50]. As the frequency increases, the change in voltage polarity pulls out the Na+ 

and Cl- from the electrode surface. The ions collide with water molecules and are incident on 

the electrode surface so that boiling occurs. Note that R is maintained at R_0 at frequencies 

greater than 2 kHz because of the absence of a chemical reaction in the ions due to the 

reduction in gasification. The increase in both of ΔrmpNa and ΔrmpCl are caused by the 
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evaporation of water. The flux of electrolyte ions flown at the metal surface increase with 

increasing driving frequency, increasing the Joule heating of the electrode. Thus, when the 

frequency reaches up to 2 kHz, the bubble generation fully transits to the boiling phase. 

The plasmas in the bubble generated from electrolysis or boiling yield significantly 

different OES data, which represents the excited species in plasma that corresponds to the gas 

composition in the bubble. Recall that at low frequency, it is expected that the bubble is 

composed of hydrogen and chlorine gases and at high frequency; water vapor would filled 

inside the bubble. Figure 4-13 shows the normalized OES taken from plasma generated with 

two different driving frequencies, 50 Hz and 5 kHz. OES data are normalized by dividing the 

data with the highest peak intensity of 589 nm from Na+. For 50 Hz, high peaks from the 

excited Hα and Hβ are observed, which implies that the gas in the bubble is largely composed 

of hydrogen and that it is formed by electrolysis as expected. Furthermore, peaks from W are 

observed, indicating that the sputtering and erosion of the tungsten electrode occurred. At 5 

kHz, the emission intensity from the W, Hα, and Hβ are decreased. In addition, the OH(A-X) 

band emission signal is observed clearly and is similar to the result from driving frequencies of 

380 kHz [51] and 200 kHz [7]. This result confirms that the bubble is filled with water vapor. 

Hydrogen and OH excitation data with respect to driving frequency are summarized in 

Figure 4-14. The data are categorized as (a) no discharge in 10 Hz–30 Hz, (b) H2-dominant 

discharge at 40 Hz–300 Hz, (c) H2- and H2O-mixed gas discharge at 300 Hz – 2 kHz, and (d) 

H2O-dominant discharge above 2 kHz. In region (a), bubbles are generated by electrolysis, 

and electron-exchange reaction occurs at the electrode surface. Owing to the low bubble-

generation rate, full coverage is not formed. In region (b), higher bubble generation by 

electrolysis results in H2-dominant discharge. The low amplitude of the OH(A-X) emission 

signal is observed in region (b) because the energetic electrons in plasma dissociate the bubble 

surrounding H2O into H and OH. The electrolysis decreases and boiling increases as the 
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frequency increases; thus, the transition region (c) appears. By increasing the driving 

frequency to above 2 kHz, bubbles are effectively generated by boiling and OH(A-X) through 

H2O dissociation resulting from plasma-electron impact. 

Electrolyte plasma is generated in the vapor coverage on the electrode immersed in the 

electrolyte solution and the gas filled in the vapor coverage is investigated with respect to 

driving frequency. For low frequency operation, electrolysis is the dominant process, resulting 

in the gasification of H2 and Cl2 in vapor coverage. When the operating frequency is increased, 

the time for electrolysis is insufficient while the electrolyte ion currents are increased. At a 

higher frequency, Joule heating caused by the electrolyte ion current on the electrode surface 

generates the water vapor. In this study, the effect of driving frequency effect on the electrolyte 

plasma and dominated radicals are categorized as no discharge at 10 Hz – 30 Hz, H dominant 

discharge at 40 Hz – 300 Hz, H and OH(A-X) mixed gas discharge at 300 Hz – 2 kHz, and 

OH(A-X) dominant discharge above 2 kHz. Note that the typical frequency may be varied by 

the electrode heat capacitance. The gas composition, ion reaction on the metal electrode 

surface, and ion density change in the electrolyte with bubble generation mechanism from the 

driving frequency are summarized in Table 4-1. 

Table 4-1. Reaction with bubble generation mechanism. The threshold driving frequency to transit the 

mechanism from electrolysis to boiling is 1 kHz. 

Mechanism Reaction R 

Electrolysis 2H2O + 2Cl- → 2OH- (aq) + H2 (g) + Cl2 (g) Increase 

Boiling H2O (l) → H2O (g) No change 
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Figure 4-12. Measured R. The dotted line indicate the initial R, R_0 = 0.65. 
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Figure 4-13. OES of discharged plasma with low and high driving frequencies of 50 Hz (the bubble from 

electrolysis; solid line) and 5 kHz (the bubble from boiling; dashed line). The sources of optical emission lines 

are marked on the figure with the square box. 
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Figure 4-14. Normalized optical emission signal from the OH(A-X) (dot-dashed line) and differences of ion 

mass concentration (symboled lines). The dashed vertical lines indicate the regions of electrolyte discharge 

characteristics (a) non-discharge region, (b) H2 gas dominant region by electrolysis, (c) transient region of 

electrolysis and boiling, and (d) H2O gas dominant region by boiling. 
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4.3 Mechanism of Electrolyte Plasma Discharge 

During step III, a full vapor coverage is formed on the tip and the electrolyte plasma is 

discharged inside the vapor coverage, as shown in Figure 4-17(a)–(f). The optical emission 

from the electrolyte plasma is marked by the dashed circle in Figure 4-17(b) and (e). The V –I 

signal with discharge current peaks is shown in Figure 4-15. Two discharge current peaks are 

observed for the positive and negative polarities of the tip electrode, as marked by the dotted 

circles. In the circle marked with P, the plasma was discharged at 101 V with a discharge 

current of 9 mA. In the circle marked with N, the breakdown voltage was −78 V with a 

discharge current of 52 mA. This asymmetric discharge with respect to the electrode polarity 

can be explained by the ion-charge accumulation on the vapor-coverage surface. Between the 

two ions in the saline, Cl− has an atomic mass of 35.5 amu and Na+ has an atomic mass of 

23.0 amu; the mobility of Na+ is higher than that of Cl− because of its lower mass. Thus, the 

vapor coverage surface is biased at a positive voltage by the accumulation of Na+ on the vapor 

coverage surface. The ion accumulation on the vapor surface can be verified by offset voltage 

of voltage with electrolyte ion species, as shown in the Figure 4-18. The electrolyte plasma is 

discharged in the electrolytes of NaCl and KCl solution to control the polarity of the high-

mobility ion. The mass percentage of the electrolyte is the same at 0.9 wt% for both 

electrolytes. The mobility of ions are listed in Table 4-2. 

Note that the polarity of high mobility is positive (Na+) in NaCl and is negative (Cl-) in 

KCl. Thus, the offset voltage is positive in NaCl and negative in KCl, as shown in Figure 4-18. 

The offset voltage increases with ion concentration. The ratio of the offset-voltage amplitudes 

is constant at 2.56, and it is the ratio of ion mobility, instead of the mass ratio. This implies that 

the electrolyte surface potential is determined by the ion mobility, and the electrical field for 
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plasma discharge is enhanced because of the negative voltage. 

Table 4-2. Mobility of electrolyte ions in 0.9 wt% 

Ion species 
Mass 

(amu) 

Mobility [38] 

(cm2kV-1s-1) 

Na+ 23.0 0.79 

K+ 39.1 0.31 

Cl- 35.5 0.79 

One significant difference in the vapor phenomena is that, unlike in nucleation boiling and 

transition boiling, the full vapor coverage in film boiling does not collapse but instead the 

bubble surface oscillates. Interestingly, the electrolyte plasma is discharged only when the 

vapor coverage shrinks, and the optical emission signal from OH(A–X) is observed in the 

corresponding period, as shown in Figure 4-20. Since the temperature of the electrode reaches 

up to 350 ◦C, as shown in Figure 4-20, the heat flux from the tip is comparable to the 

condensation heat loss. Thus, the electric field is increased in the shrunken bubble coverage. 

During the electrolyte-plasma discharge, the plasma current causes an increase in the Joule-

heating power, and subsequently it exceeds the condensation power and expands the bubble 

again. The increase in vapor thickness reduces the electric field, and the electrolyte plasma 

continues to discharge while the electric field is higher than the threshold value for breakdown. 

Thus, the vapor thickness repeats the oscillation, and the electrolyte plasma is periodically 

discharged during film boiling. 

The plasma discharge heats the vapor inside the coverage and changes the surface charge 

density of the vapor coverage [11,38]. Figure 4-21 shows the power dissipation paths of 

Figure 4-20, including the plasma and the surface charge effect. In Figure 4-21, the vapor 

“thickness” is shown in micrometers. The other parameter is power in watts, a standard for 

gain in the vapor. The powers lost and gained by the vapor are expressed as positive and 



 

７４ 
 

negative values, respectively. The words “electrolyte,” “electrode,” “plasma,” “viscous,” 

“surface,” and “phase transition” in the figure indicate the terms in equation (2.1) in order (all 

units in Figure 4-21 are watts except for the thickness, which is in micrometers). “Electrolyte” 

and “electrode” represent heat dissipation from the vapor to the surrounding electrolyte and 

heat gain of vapor coverage from the center tip; heat dissipation is expressed by the left-hand 

side of equation (2.1). Plasma heating is expressed by the first term in equation (2.1), a 

function of vapor thickness, as described in equation (2.7). “Viscous” represents the second 

and third terms of the equation. “Phase transition” is the first term in the second round bracket 

and represents heat exchange during the phase transition. “Surface” is the contribution of the 

surface-tension force balance. The viscous and phase-transition terms vary not only in value 

but also in sign. When the vapor coverage shrinks, the compression from the electrolyte 

increases the energy inside the vapor coverage. A positive phase transition indicates that 

condensation exceeds evaporation. During plasma discharge, heat from the plasma increases 

the vapor-coverage temperature, and evaporation becomes superior to condensation. This 

phase transition and viscous power contribute to the vapor oscillation at 11.8 % and 10.6 % of 

the net power, respectively. This implies that the plasma heating not only dissipates to the 

increase in the temperature of the electrode and vapor but also evaporates the electrolyte at the 

vapor surface. Unlike viscosity and phase transition, the signs of the electrode and electrolyte 

are fixed as positive and negative, respectively, because the tip temperature is higher than that 

of the vapor, and the vapor temperature is higher than that of the electrolyte. As much as 47.5 % 

of the power required to sustain the vapor coverage originates from the heated electrode. The 

remaining 52.5 % power originates from the phase transition, viscosity, and plasma heating. 

However, as mentioned before, viscosity and phase transition are factors of the power loss 

during plasma discharge. The heat loss from the vapor coverage to the surrounding electrolyte 

is proportional to the surface area of the vapor coverage and is up to 41 % of the net power. 
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The phase transition and viscosity may delay the collapse of the vapor but cannot sustain the 

vapor for a lifetime of the order of milliseconds. The heated center tip provides the heat to 

sustain the vapor coverage and acts as a heat reservoir. The vapor coverage shrinks as the tip 

temperature decreases and finally collapses, as in transition boiling, unless it is heated by the 

auxiliary heat source, the plasma. Although the portion of plasma heating is lower than the 

heat from the electrode by 27.9 %, the power gain can overcome the loss due to the plasma 

heating. The tip and gas inside the vapor are heated because of the Joule-heating power from 

the plasma. The vapor does not expand immediately after the plasma is extinguished, but the 

thermal power gained is balanced with the losses. 
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Figure 4-15. V–I signal of a period of applied voltage during the film boiling step. P and N indicate the 

electrolyte plasma discharge signal in positive polarity and negative polarity, respectively. The applied voltage is 

280 Vrms and the electrical conductivity of the saline solution is 1.6 S/m. 

 

 

Figure 4-16. ICCD image of discharge: (a) negative polarity and (b) positive polarity. 
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Figure 4-17. High-speed images of the bubble on the electrode during step III, the film boiling step. The 

time the image was taken corresponds to that shown in Figure 4-20 and is marked in the upper left corner of 

the images. The dashed circle in (b) and (e) indicates the optical emission from the electrolyte plasma. The 

applied voltage is 280 Vrms and the electrical conductivity of the saline solution is 1.6 S/m. 

  



 

７８ 
 

 

Figure 4-18. Offset voltages for electrolyte ion species. 

 

 

Figure 4-19. Ratio of offset voltage with ion species. 
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Figure 4-20. Electrode temperature and bubble thickness (upper figure) estimated using the model, and 

dissipated power and optical emission signal of OH from PMT (lower figure) during transition boiling. The 

applied voltage is 280 Vrms, and the electrical conductivity of the saline solution is 1.6 S/m. 
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Figure 4-21. Vapor thickness and power dissipation paths during film heating estimated using the model. 

The viscous, electrode, electrolyte, plasma, surface, and phase transition in the legend indicate the power 

dissipation. The period corresponding to the HSC image in Figure 4-17 is noted at the top of the figure with a 

letter in brackets. The applied voltage is 280 Vrms, and the electrical conductivity of the saline solution is 1.6 S/m. 
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Figure 4-22. Time-varying vapor thickness (square dots) and vapor electric field (dashed line) and 

corresponding electrolyte discharge images. The duration of electrolyte-plasma discharge is noted as orange 

shades. 
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Figure 4-23. Electrolyte-plasma discharge period with electrolyte viscosity. The square dot, solid line, and 

dashed line are the measured plasma-discharge period, simulated plasma-discharge period, and simulated 

vapor-oscillation amplitude. 
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As mentioned above, negative streamer discharge is dominant in the NaCl solution. The 

mechanism of streamer discharge can be investigated from the velocity of streamer 

propagation because the velocity of streamer propagation is determined by the ionization 

process [52]. For discharge in air, which can be regarded as a mixture of N2 and O2, the 

streamer propagates by photo-ionization at the ionization front. The excited N2 emits UV 

photons at energies greater than 7 eV. The high-energy photons ionize the excited N2. The 

electrons from the photo-ionization accelerate toward the streamer head because of the electric 

field, and the 2nd electron avalanche is caused. However, in H2O, the highest photon energy is 

3.5 eV, emitted from OH. In this case, the photon energy is not sufficient to ionize even the 

rotationally excited OH and H2O. The propagation progress is illustrated in Figure 4-24. 

The velocity of streamer propagation is determined by assuming ionization only through 

electron impact,§ as in equation (4.4). 
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where the υeff, μe, Vapp, dvapor, and Dplasma are the effective ionization rate, effective electron 
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The streamer propagation velocity in air was reported by Naidis [52]: 
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Equation (4.6) assumes the photo-ionization in the effective electron generation rate, αeff. 

                                                   
§ The details of deduction of streamer velocity in H2O are described in A.2. 
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Note that the electron density and electric field are simplified in the constant A in equation (4.4) 

but remain significant in equation (4.6). Thus, equation (4.6) requires additional simulation or 

measurement, but streamer propagation can be estimated from external operating parameters. 

The streamer velocity is measured as the ratio between the estimated vapor size and delay 

time δt, as shown in Figure 4-25, because the negative streamer propagates from the electrode 

to the electrolyte surface. The measured velocity is compared to equations (4.4) and (4.6) in 

Figure 4-26. The photo-ionized propagation from [53] underestimates the velocity because of 

the decrease in the ionization rate. It is verified that the streamer discharge in H2O vapor 

propagate with electron impact ionization only, by the energy level of the discharge gas, as 

expected. It implies that the sustain the ionization is effective to OH generation by electron 

impact dissociation because the OH recombination to H2O2 without high energy electron 

enough to ionize the H2O. 
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Figure 4-24. Propagation mechanism of negative streamer with discharge gases. 
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Figure 4-25. Velocity of streamer from the current and OH emission. 

 

 

Figure 4-26. Measured streamer velocity and estimated results. 
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The major reactions involving OH are illustrated in Figure 4-27. In general, the electron 

temperature Te of the position x is determined by the electric field E(x) at the point in the 

atmospheric pressure discharge (local approximation or Neumann condition [54]). Therefore, 

it is necessary to analyze the amplitude and formation of the electric field to understand the 

generation mechanism of OH inside the vapor coverage. During the streamer propagation, 

OH is generated in two pathways with electron impact: the dissociation of H2O and 

dissociative recombination of H2O
+. In case of the H2O

+ reaction the energy required for 

dissociation is reduced to 8.1 eV by the positive potential of ion molecule from the energy of 

12.6 eV of H2O dissociation [18]. The reaction constants determining the density of the OH 

formed is a function of the electron temperature. The presented electric field and 

corresponding effective ionization rate in the Figure 4-27 are results calculated from the model 

by using the potential and electric field distribution in a streamer discharged at the surface of a 

negative-polarity electrode, which, after the discharge, propagates for 20 ns and R = 125 μm. 

The position of the surface of the electrode surface and electrolyte are 0 μm and 200 μm, 

respectively. The OH is generated by electron impact on H2O at the ionization head. In the 

streamer stem, the OH is lost to H2O2 by recombination. 

In existing studies the charges from the streamer are assumed to be dispersed or lost on the 

liquid surface [9,11]. However, when considering the TCI effect, the high electric field on the 

electrolyte surface results in plasma discharge on the electrolyte surface [16]. Thus, the plasma 

discharge on the electrolyte surface is investigated in this work as shown in the Figure 4-28. 

Figure 4-28 shows the electric field and electron density. The time after streamer ignition is 

marked in the figure. In the Figure 4-28(a), the electric field amplitude on the electrolyte 

surface is increased from 15 kV/cm to 145 kV/cm as the 75% of the applied voltages of -0.2 

kV is drops within the 40 μm from the vapor surface. This electric field is approximately 5 

times the electric field head of the streamer 34 kV / cm. Consequently, as shown in the Figure 
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4-28(b), discharge is initiated on the surface of the electrolyte. The discharge propagates in the 

direction opposite to the streamer-discharge direction with sprayed electrolyte, which implies 

that OH is generated on the electrolyte surface. 
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Figure 4-27. Electric field corresponding to electron source in vapor. 
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Figure 4-28. Profiles of (a) Electric field and (b) electron density during streamer propagation from 

electrode to electrolyte surface. The location of electrode and electrolyte are marked in the figures. 
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Chapter 5 OH Generation in Electrolyte Plasma 

5.1 Generation Pathway corresponding Rotational Temperature of OH 

The generation rate of OH is linearly proportional to the emission intensity, and the 

rotational temperature of OH (Trot) is determined by the reaction pathway [25]. Thus, it is 

important to measure the time- and space-resolved OH(A-X) (0,0) intensity and Trot with 

streamer discharge for investigating the OH generation mechanism in electrolyte plasma. 

Figure 5-1 shows the temporally resolved images of the electrolyte anode; Figure 5-1(a) and 

(b) show negative discharge, Figure 5-1(c) and (d) show positive discharge. In each image, the 

left side is the non-filtered discharge emission and the right side is the UV-passed OH(A-X) 

(0,0) emission. The amplitudes of discharge current are 212 mA in negative discharge and 51 

mA in positive discharge. In the low-temperature plasmas, the OH(A-X) (0,0) is generated 

from H2O dissociation (18.5 eV) and dissociative recombination of H2O
+ (9.0 eV) with 

electron collision [55]. Most of the OH(A-X) (0,0) emission is processed by the quenching 

with surrounding particles. Thus the OH* emissions in Figure 5-1 is the result of the electron 

temperature, H2O/H2O
+ density, and OH(A-X) (0,0) quenching rate. The spatial distribution of 

H2O is determined by the electric field originating from the dipole moment of H2O, 6.2×10-30 

C·m [56] and Na+ from electrolyte. The humidity increases in the high electric field near the 

electrode in the cathode electrolyte and on the electrolyte surface in the anode electrolyte. The 

high humidity increases the electron temperature and electric field. Note that the OH(A-X) 

(0,0) emission is increased in ring-shape on the electrolyte surface, which has a radius of 1.5 

mm as marked in the arrow in Figure 5-1(b). The entrainment of ambient air enhances the 
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quenching rate of OH(A-X) (0,0). The minimum excitation energy of OH is 9.0 eV. In the 

electrolyte cathode, the OH* emission is proportional to the plasma. Thus, the OH* generation 

at the negative discharge may be caused by the high electric field on the electrolyte surface and 

quenching due to ambient gas.  

The intensity of OH from Figure 5-1 is summated along x-axis in Figure 5-2. The 

extracted intensity value along the z-axis cannot represent the OH generation at the electrolyte 

surface, because the OH emission at the electrolyte is ring shaped (hollow in the center). The 

Figure 5-2(a) shows positive discharge and Figure 5-2(b) shows the negative discharge. The 

intensity from OH shows two peaks, one at near the electrode and the other one at the 

electrolyte surface. The OH emission near electrode and electrolyte surface are indicated by 

the dashed circle and dashed square, respectively. In the positive discharge, the OH shows a 

sudden increase in intensity, which indicates the transition of primary discharge to secondary 

discharge in the positive discharge [57]. The intensity of OH emission linearly decreases from 

electrode to electrolyte. Thus, the OH is generated near the electrode and emits during 

diffusion to the counter electrode, which is the electrolyte. On the other hand, the OH intensity 

shows a significant peak on the electrolyte surface in the negative discharge, while the 

intensity is similar to that near electrode, which implies that the OH is generated by discharge 

at the electrolyte surface. This can cause an important stabilizing effect in view of the results of 

Akishev et al. [35] who established that spark formation in air at atmospheric pressure is 

triggered by the instability of the anode layer during the glow regime. The intensity of OH 

emission is significantly larger than the emission of N2 in the case of discharge with a water 

anode. 

The value of Trot for different distances between the electrolyte surface and electrode (in 

steps of 0.5 mm) are shown in Figure 5-3. The rotational temperature of OH is obtained. For 

the spatially resolved measurements the tables of de Izarra [23] which correlate the intensity 
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ratios of the R and P branch peaks to the highest intensity band head at 308.9 nm in the OH 

spectrum with rotational temperature. In this case a rotationally non-resolved spectrum 

measured with a resolution of 0.28 nm FWHM is used. Spectra for both positive and negative 

discharge are normalized to their highest emission intensity. Significant differences are found 

in emission intensities of OH(A–X) (0,0), much more intense near the water cathode than near 

the water anode. The excited states of OH(A) are produced by dissociative excitation of water 

or dissociative recombination of H2O
+. The minimum formation energies of these excited 

states from which the transitions originate are 18.5 eV and 9 eV, respectively [28]. 

Dissociative excitation of water to produce excited oxygen requires 17.6 eV. The dissociation 

of O2 requires typical electron energies of 6–9 eV [19] which indicates that atomic oxygen 

emission originates from O2. The value of Trot is higher in positive discharge than negative 

discharge. This is consistent with the expectations due to their difference in excitation energy, 

i.e. OH(A) from H2O = 9.1 eV and OH(A) from H2O
+= 4 eV. Also an increase in emission 

intensity of OH correlated with an increase in electron excitation temperature in the electrode 

sheaths is observed near the metal cathode but not near the anode. The rotational temperature 

of OH is constant in the positive column and drops by approximately 30% in the near anode 

region. The rotational temperature of nitrogen is significantly smaller in the near anode region 

than the one of OH. This drop in rotational temperature is not observed in glow discharges in 

atmospheric pressure air between metal electrode [47]. This clearly indicates that the water 

electrode acts as a more efficient heat sink for the discharge than a metal electrode. Apart from 

the stabilization of the glow discharge due to the resistive character of the electrode, its cooling 

effect can significantly contribute to the stabilization of the anode layer and thus the diffuse 

discharge. Due to the very similar electrical field in the positive column this is due to a larger 

concentration of OH in the discharge. The difference in water vapor concentration in the 

cathode and anode region is also consistent with the simulation results of Andre et al. [47] of a 
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discharge between two tap water electrodes. Similar as in the case of a water anode a drop in 

the rotational temperature of N2 is observed in the near anode and cathode region, but no 

corresponding drop in the rotational temperature of OH is found near the water cathode [47]. 

The rotational temperature of OH and N2 are the same in the positive column for both water 

anode and water cathode discharges. Interesting to note is that the rotational temperature of N2 

near the water cathode and near the metal cathode for the opposite polarity are the same within 

experimental precision. This comparison is not possible for the anode, even more the 

temperature for the metal anode is 48 % larger than the one of the electrolyte anode. 
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Figure 5-1. High-speed images on the temporal emission from the plasma and OH* for positive and 

negative polarities of the electrolyte electrode. The polarity of the metal electrode and the image taken moment 

after breakdown are noted on the images (T0 is the moment of plasma ignition). In each image, the left side is 

non-filtered discharge emission and the right image is UV-ray-passed OH* emission. 
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Figure 5-2. Time resolved OH emission intensity profile from ICCD: (a) positive discharge and (b) negative 

discharge. The OH emission near electrode and electrolyte surface are indicated by dashed circle and dashed 

square. 
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Figure 5-3. Time averaged distribution of rotational temperature of OH: (a) positive discharge and (b) 

negative discharge. 
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5.2 Location of OH Generation with Pathways 

The main location of OH generation is suggested to be the electrolyte surface with plasma 

discharge sustained by TCI, as mentioned in section 4.2.  The location of OH generation is 

observed using the filtered image, as described in section 3.2. Figure 5-4 shows the temporal 

images of the electrolyte-plasma discharges. In Figure 5-4(a), the left side (mark I) is the 

image from the visible ray through F1 and the right side (mark II) is the image from the UV-

ray through F2. Figure 5-4(a) shows the electrolyte immersed before power is delivered to the 

electrode. Figure 5-4 (b) is an image of the vapor bubble formed on the powered electrode. 

Figure 5-4 (c) is taken after the electrolyte plasma is ignited and the image in the area of 

electrode tip is magnified. However, most electrolyte plasma is discharged in random position 

where electric field is higher than breakdown value. As shown in figure, the visible and UV-

ray images show a similar optical emission area. It implies that Na+ and OH are generated in 

the same region of whole volume where the electrolyte plasma is generated at the early stage 

of discharge. After initiating the electrolyte plasma which is shown in Figure 5-4(d), the 

optical emission area of visible and UV-ray is not the same. The visible ray spreads over the 

volume of electrolyte plasma while the UV-ray is emitted along the surface area. It implies that 

the charges of electrolyte plasma disperse along the surface of vapor bubble, exciting the OH 

at the interface between the bubble and the saline. And Na+ is excited both of volume and 

surface of bubble in the discharge. In summary, the emission images of visible ray and UV-ray 

are taken from electrolyte plasma generated in a saline. The comparison of images can be 

shown clearly that the location of OH is near the surface of bubble where faces with the saline. 

When initiating the streamer, OH and Na+ are generated by the strong electric field at the head 

of streamer and then the low temperature electron excites Na+ as shown in mark I of Figure 
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5-4(d). The charges of electrolyte plasma are dispersed along the vapor bubble surface, 

enhancing the dissociative excitation of H2O and generating a plenty of OH as shown in mark 

II of Figure 5-4(d). 

The temporally resolved rotational temperature of OH is presented in Figure 5-5 as 

described in section 3.3.2. The time corresponding to the Figure 5-4 is marked in the figure. 

Two temperatures of OH are observed. At the moment of plasma discharge, the temperature 

from the H2O dissociation and that from H2O
+ dissociative recombination are approximately 

equal to 1000 K. The rotational temperature of OH from H2O steeply decrease to 500 K while 

the OH from the H2O
+ is maintained at 1000 K. These two temperatures are implies that the 

H2O
+ is continuously generated after plasma contact on the electrolyte surface. 

The sustainment of plasma discharge on the electrolyte surface can be confirmed by 

comparing the electric field and electron density to discharge current, as shown in Figure 5-6. 

Figure 5-6(a) shows the simulated electric field and the electric field corresponding to electron 

energy. Before plasma contact on electrolyte, the Te and electric field are independent of TCI. 

TCI sustains the electric field after plasma contact on the electrolyte surface. Thus, the 

discharge maintained Te above 15 eV, which is the threshold for OH generation by electron 

impact. Bruggeman et al. [24] showed that negative ions begin to exert a significant effect on 

the discharge in low temperature diffuse He glow discharges at concentrations of only 1000 

ppm in water. The ions are also strongly hydrated. The estimated negative ion densities in sub 

microsecond pulsed discharges obtained from time resolved optical emission measurements 

indicate that the negative ion densities are approximately 10−2 times smaller than the electron 

density [58]. The very fast positive–negative ion recombination at high ionization degrees is 

responsible for this effect. Additionally, at atmospheric pressure there is a high collision 

frequency and thus collisional electron detachment is important. As the binding energies of 

negative ions are relatively small (order of 1 eV), these bounds are easily broken by collisional 
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detachment. Negative ions will thus only be of comparable importance as electrons in diffuse 

glow discharges with a low Te and low gas temperature. Both ionization and recombination 

processes occur as well in dc excited steady-state discharges. In this case the radical 

production in the ionizing plasma core can be dominated by electron induced dissociation 

opposed to the surrounding edge of the plasma for which dissociative recombination 

processes locally produce the radicals. In the Figure 5-6(b), the electron densities from 

measurement and simulation are compared. When the TCI is not considered, the electron 

density is underestimated with respect to the measured results because electrons undergo loss 

on the electrolyte surface. When TCI occurs, the high electric field between OH- at the 

streamer head and Na+ in TCI sustain Se > 0 on the electrolyte surface. Thus, plasma discharge 

continues along the vapor surface and does not disperse. For the efficient production of stable 

end products such as H2O2 and H2, the efficient production of short-lived radicals, such as OH 

from H2O, as well as the subsequent chain and termination reactions that are fully determined 

by the plasma conditions are key. As is well known, the thermodynamic-equilibrium gas 

composition in a hot plasma significantly depends on the temperature. The OH formation is 

most efficient around 3300 K; for lower temperatures, the degree of dissociation begins to 

reduce significantly, and for higher temperatures, the present molecules are further broken 

down to their atomic constituents. It is clear that in the case of a high-density plasma with a 

large degree of dissociation in the plasma core, the recombination pathways of the dissociated 

products O, OH, and H determine the end products. Owing to the thermal decomposition of 

H2O2, thermal plasmas will not be very efficient in producing H2O2 if no fast quenching exists 

at the moment to freeze the chemistry when H2O2 has been formed. Such quenching can be 

obtained in three ways: using the supersonic expansion of a high-temperature plasma [59]; 

using plasmas close to room temperature, which often implies pulsed excitation; or injecting 

cold water into the plasma. An example is the pulsed gliding arc discharge, which produces 
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H2O2 almost two orders of magnitude more efficiently than its low-frequency ac or dc 

counterparts [9]. The challenge of efficient radical production in the context of applications 

remains the channeling of their destruction reactions in a way that they add to the specific 

desired chemistry for the application. In particular, in gas cleaning, pulsed coronas are the 

most efficient. In this concept, temporal control of the recombination phase of the plasma, 

which implies pulsed excitation and fast quenching, is thus an advantage. Unfortunately, the 

radical destruction is highly dependent on the radical densities and the chemical composition 

of the plasma and is thus plasma specific. Energy efficiency entails not only the efficient 

production of radicals and controlled destruction but also the efficient sustaining of the plasma 

when no pulsed excitation is used. The latter implies a sufficiently high degree of ionization. 

At the end, the radicals need to survive long enough to be chemically active on the location 

required by the application. All these issues together contribute to the energy efficiency and are 

highly reactor specific. 

The location of OH generation at the electrolyte surface is important in OH generation 

through the low loss reaction. The OH generation from the H2O
+ and H2O are presented at the 

Figure 5-7. Figure 5-7(a) shows the OH generated from H2O
+. The OH from the H2O

+ is 

mainly generated through volume reaction. The OH diffuses with a density gradient and is 

independent to electric field since the OH is neutral species. Thus the more than the 90 % of 

OH is lost by recombination to H2O2 during diffusion. The OH density at the electrolyte 

surface is 3.5×1017 cm-3. Figure 5-7(b) shows the OH from H2O dissociation. It shows the OH 

is generated during streamer propagation. By TCI is arisen on the electrolyte surface, the 

plasma is maintained. A high electron energy above 15 eV is dissociate the H2O in the OH by 

electron impact on the electrolyte surface. The OH density increase up to 2.7×1018 cm-3. The 

OH density from the H2O is approximately 8 times higher than that from H2O
+. 

The generation of OH on electrolyte surface is verified by gelatin ablation rate and 
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temperature. In order to measure the absolute OH density, the laser induced fluorescence (LIF) 

is necessary [28]. However, the LIF method is difficult to be applied on electrolyte plasma due 

to diffraction of laser on the vapor surface. Thus the OH density can be indirectly measured by 

comparing to the ablation rate of gelatin. The gelatin is main component of nucleus pulposus 

in human spin, ablated by OH as mentioned at section 1.1. Figure 5-8(a) shows that the OH 

flux from the simulation is linearly proportional to the ablation rate of gelatin gel, when the 

OH is assumed to be generated on the electrolyte surface. The OH generation is not 

proportional to the ablation rate when TCI and plasma sustained on the electrolyte surface are 

not considered. Furthermore, in Figure 5-8(b), the measured electrolyte temperature is 

compared to the simulated result. This temperature is also in good agreement with the 

measurement when TCI considered. Note that the temperature does not exceed 60 oC. As the 

vapor is generated by film boiling, the heat dissipation is suppressed by vapor coverage. 
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Figure 5-4. Images of electrolyte plasma discharge inside vapor bubble in view of the (I) visible and (II) UV 

rays in saline at different moments. (a) Non-powered electrode is immersed in the saline. (b) Image of film-

boiled vapor bubble on the electrode. (c) and (d) Generated and bubble surface dissipating electrolyte plasmas. 

Boundary of vapor bubble in (b) and (d) is indicated by dashed circle. 
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Figure 5-5. OH rotational temperature with electrolyte discharge current. 
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Figure 5-6. Discharge on Electrolyte Surface by TCI Enhanced Electric field TCI: Electric Field increase 

and Corresponding Electron Energy 
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Figure 5-7. Density of OH with Generation Pathway, (up) OH from H2O
+ and (down) OH from H2O. 
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Figure 5-8. (a) OH generation compare to gelation ablation rate and (b) gelatin temperature with plasma 

power. 
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Chapter 6 Conclusion 

The discharges in electrolytes generate intense UV radiation and active hydroxyl radicals, 

which make them particularly suitable for decontamination and sterilization purposes. As is 

the case with previous work on electrolyte plasmas, the coupling between plasma physics and 

fluid dynamics is not well understood and remains one of the major challenges. Thus, in this 

work, the mechanism of OH generation in electrolyte streamer plasma discharge is 

investigated by considering the effects of fluid dynamics and electrolyte ion on the plasma. 

The field is still very young but new applications are rapidly emerging, and our ability to 

understand and model the underlying basic processes is gaining momentum because of state-

of-the-art diagnostic methods and the continuously increasing computational possibilities. 

Basic physical properties, electrical and optical properties, and gas and electron temperatures 

have been investigated using a numerical model and experimental results. The breakdown for 

discharges with liquid electrodes and discharges in bubbles correspond to streamer discharge. 

It is important to stress the need for reliable interpretations of OES results, especially for OH 

temperature and electron density. This remains one of the most challenging topics of research 

for the coming years with implications not only for liquid plasmas but also for non-thermal 

atmospheric plasmas in general. 

OH is mainly generated by electron-impact dissociation of H2O in the negative streamer 

head. The effect of the electrolyte on the discharge mechanism in the electrolyte can be 

categorized into two: fluid dynamics and electrolyte ion. Regarding fluid dynamics, the 

plasma discharge inside the electrolyte is accompanied by viscosity and phase transition on the 

vapor surface. The electric field in the vapor exceeds the breakdown threshold in the shrunk 
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vapor coverage. Thus, the electrolyte plasma is periodically discharged. Regarding electrolyte 

ion, the ion of high mobility, such as Na+ in saline, accumulates on the vapor surface. Thus, a 

negative streamer is discharged in the case of saline. The plasma discharge in the electrolyte 

shows streamer propagation without photo-ionization, which is significantly different from 

streamer discharge in ambient air. The Taylor cone instability caused by the electric field from 

the negative streamer head significantly increases the OH generation on the electrolyte surface 

compared to OH generation in the volume.  

This work presents a new point of view on plasma discharge in contact with an electrolyte: 

the electrolyte ion and fluid dynamics are important factors in the electrolyte streamer 

discharge mechanism. Regarding applications, these interesting plasmas provide a window for 

investigating fundamental physical issues. For discharges in water purification, the water is 

brought into contact with a plasma that has a temperature corresponding to the supercritical 

temperature of water. This clearly leads to interesting fundamental questions as to how these 

interfaces behave in physically and chemically. The Taylor cone instability on the electrolyte 

surface should be considered in OH generation. This dissertation deduced electrolyte streamer 

model can predict the design parameter of streamer discharge generator for OH generation in 

electrolytes for biomedical applications 
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Appendix 

A.1. Electric field estimation in disk method 

 

Limits of numerical solving 1-dimensional Poisson equation are; 

1)  Unable to describe the localized micro-discharges, the streamer discharge [60]. 

2)  Errors during numerical differentiation lead the instable calculation in high current 

(> 15 mA) and high electric field (> 40 Td) in range of electrolyte discharge [25]. 

3)  Cylindrical 2-dimensional with axis-symmetric and 3-dimensional calculation 

need larger estimation time (order of months) especially when considering the 

chemical reactions [26]. 

Thus it is assumed that, 

1) Streamer is a channel consisted of many infinitely thin disks. 

2) Uniform particle distribution over the cross section of a cylinder of streamer 

channel radius R 

3) Superposed electric field from externally applied Eext and space charge caused Esc 

( ) ( ) ( )ext scE x E x E x= +  

 

The Eext can be simply estimated by Laplace electric field between two electrodes. 

Refer the Figure A.1., the electrical potential from the point source is 
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With axis-symmetry, the axial electric field from the potential of a disk is 
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The sign of second term of RHS is – for z’ > 0 and + for z’ < 0. 

Thus the total electric field from space charges within the gap distance d is 
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Figure A.1. Structure of disk method for electric field estimation 
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A.2. Streamer Velocity Deduction in H2O 

 

Transport equations for electrons in the fluid approximation is 
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where the μe, De,υi, and υa are electron mobility, electron diffusion coefficient, ionization 

rate, and attachment rate, respectively. Assuming constant streamer propagation velocity in 

fixed voltage and gap during streamer propagation is 

( ) ( )

( )

( ) ( )

( )

e e e i a e

e e dr

e dr i ae
dr e

dr

e dre
eff dr e

n n v n
t

z
n n v

t z

d n vdn
V v n

dz dz v

d n vdn
V v n

dz dz

n n

n n

n

¶
+Ñ = -

¶

¶ ¶
+Ñ =

¶ ¶

-
- + =

- + =

. 

Integration for neh the electron number density at z = zh 
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During integration, the integration section can be defined in the region of ionization, where 
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the difference between the ionization rate and attachment rate is positive value. 
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The velocity can be educed for 
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The logarithm term can be considered in constant A of 1.677 because of small variation in 

condition of electrolyte plasma discharge in this work as shown in the Figure A.2. Thus the 

Streamer propagation model in H2O discharge is 

app

vapor

eff e f

V
V A l

d
n m= × × . 
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Figure A.2. Plot of logarithm part of streamer velocity with applied voltage. 
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A.3. List of Reactions and Cross sections in Electrolyte Plasma 

Discharges 

 

Table A.3-1. List of Reactions 

No

. 
Reaction Rate coefficient** 

Referenc

e 

Electron impact momentum transfer 

1 2 2e H O e H O+ ® +  ( )ef T †† [61]  

Electron impact ionization 

2 2 22e H O e H O++ ® +  ( )ef T  [61] 

3 2 2e H O OH H e++ ® + +  ( )ef T  [61] 

4 2e OH OH e++ ® +  ( )10 1.782.0 10 exp 13.8/e eT T-´ -  [19] 

5 ( ) 2e OH A OH e++ ® +  ( )11 2.613.0 10 exp 10.6/e eT T-´ -  [19] 

6 2 2 2e H O OH OH e++ ® + +  112.2 10 -´  [19] 

Electron impact excitation and de-excitation 

7 2e H O H OH e+ ® + +  ( )ef T  [61] 

8 ( )2e H O H OH A e+ ® + +  ( )ef T  [61] 

9 2 2e H H e+ ® +  
( )8 0.58.73 10 exp 11.7 /e eT T- -´ -

 
[19] 

10 2 2e O O e+ ® +  ( )97.1 10 exp 8.6 / eT-´ -  [19] 

11 e OH O H e+ ® + +  ( )7 0.762.08 10 exp 6.9/e eT T- -´ -  [19] 

12 ( )e OH OH A e+ ® +  
10 0.52.7 10 eT-´  [19] 

                                                   
** Rate coefficients have units of cm3 s−1 for two-body reactions and cm6 s−1 for three-

body reactions; Te has units eV; Tg has units K. 
†† f(Te) indicates that the rate coefficient is obtained from EED using cross section from 

indicated reference. The corresponding cross sections are also presented with reaction number 



 

１２７ 
 

13 ( )e OH A O H e+ ® + +  ( )7 0.751.5 10 exp 3.9/e eT T- -´ -  [19] 

14 2e OH OH e-+ ® +  
( )6 1.99.67 10 exp 12.1/e eT T- -´ -

 
[19] 

15 2 2 2e H O OH e+ ® +  92.36 10-´  [19] 

Electron impact attachment and dissociative attachment 

16 2e H O OH H-+ ® +  ( )ef T  [61] 

17 2 2 2 2e O O O H O-+ + ® +  ( )
0.5302.26 10 / 300gT

--´  [19] 

18 2 2 2 2e O H O O H O-+ + ® +  291.4 10 -´  [19] 

19 e OH OH -+ ®  151 10-´  [19] 

20 2 2e H O OH OH-+ ® +  
10 0.52.7 10 eT- -´  [19] 

Dissociative recombination 

21 e OH O H++ ® +  
9 0.56 10 eT- -´  [19] 

22 2e H O H OH++ ® +  
8 0.55.1 10 eT- -´  [19] 

23 2 2e H O H O++ ® +  
8 0.51.86 10 eT- -´  [19] 

24 2 2e H O H O++ ® +  
8 0.52.32 10 eT- -´  [19] 

Ion-molecule reactions: collisional detachment 

25 2 2 2 2O H O O H O e- + ® + +  ( )95.0 10 exp 5000 / gT-´ -  [19] 

26 2OH H H O e- + ® +  91.8 10-´  [19] 

Ion-molecule reactions: small ions 

27 2 2O OH OH O- -+ ® +  101 10-´  [19] 

28 2 2OH H H O H+ ++ ® +  91.3 10-´  [19] 

29 2OH OH H O O+ ++ ® +  107.0 10 -´  [19] 

30 2 2OH H O H O OH+ ++ ® +  91.5 10-´  [19] 

31 2 2 2 2H O O H O O+ ++ ® +  103.3 10 -´  [19] 

Ion-ion recombination 
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32 2 2H O H H H O+ -+ ® +  ( )
0.572 10 / 300gT

--´  [19] 

Neutral reactions: H atoms 

33 22H H®  ( )
1336.04 10 / 298gT

--´  [19] 

34 H O OH+ ®  ( )
1324.36 10 / 298gT

--´  [19] 

35 2H O OH O+ ® +  ( )101.62 10 7470 / gT-´ -  [19] 

36 2H OH H O+ ® +  ( )21 2.88 10 exp 1950 /g gT T-´ -  [19] 

37 ( ) 2H OH A H O+ ® +  ( )
0.5105.8 10 / 300gT-´  [19] 

38 2H OH H O+ ®  ( )
2316.87 10 / 298gT

--´  [19] 

39 ( ) 2H OH A H O+ ®  ( )
2316.87 10 / 298gT

--´  [19] 

40 2 2 2H H O H O OH+ ® +  ( )114.0 10 exp 2000 / gT-´ -  [19] 

41 2 2H H O H OH+ ® +  ( )16 1.67.4 10 exp 9720 /g gT T-´ -  [19] 

42 23H H H® +  ( )
1316 10 / 300gT

--´  [19] 

43 2 22 2H H H+ ®  ( )
0.6338.1 10 / 300gT

--´  [19] 

44 2 2 22H H O H H O+ ® +  ( )
1.25311.32 10 / 300gT

--´  [19] 

45 2 2H O H OH H+ + ® +  ( )
1339.19 10 / 300gT

--´  [19] 

46 2 2H O H O OH H O+ + ® +  ( )
1322.76 10 / 300gT

--´  [19] 

47 2 2 2H OH H H O H+ + ® +  ( )
2314.92 10 / 300gT

--´  [19] 

Neutral reactions: O atoms 

48 22O O®  ( )
1349.26 10 / 298gT

--´  [19] 

49 2O H OH H+ ® +  ( )143 10 exp 4480 /g gT T-´ -  [19] 

50 2O OH H O+ ® +  ( )11 0.1866 10 exp 154 /g gT T- -´ -  [19] 

51 ( ) 2O OH A H O+ ® +  ( )
0.5114.3 10 / 300gT-´  [19] 

52 2 2O H O OH+ ®  
( )14 1.142.5 10 exp 8624 /g gT T-´ -

 
[19] 

53 23O O O® +  ( )
0.63349.21 10 / 300gT

--´  [19] 
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54 2 2 22O H O H+ ® +  ( )
1332.65 10 / 300gT

--´  [19] 

55 2 22 2O O O+ ®  ( )
0.63342.56 10 / 300gT

--´  [19] 

Neutral reaction: OH 

56 2 2H OH H H O+ ® +  
( )16 1.475.3 10 exp 1761/g gT T-´ -

 
[19] 

57 ( )2 2H OH A H H O+ ® +  ( )
0.5101.3 10 / 300gT-´  [19] 

58 2 2 2H H O OH H H+ ® + +  ( )95.8 10 exp 52900 / gT-´ -  [19] 

59 ( )2 2O OH A O OH+ ® +  ( )
0.5117.5 10 / 300gT-´  [19] 

60 22OH H O O® +  ( )15 1.142.5 10 exp 50 /g gT T-´ -  [19] 

61 ( ) 2OH OH A H O O+ ® +  ( )15 1.142.5 10 exp 50 /g gT T-´ -  [19] 

62 2 22OH H O®  ( )
0.37111.5 10 / 300gT

--´  [19] 

63 
( ) 2 2OH A H O H O OH+ ® +

 
( )

0.5104.9 10 / 300gT-´  [19] 

 

  



 

１３０ 
 

Table A.3-2. Cross section‡‡ of reaction 1 

Electron energy (eV) Reaction 1 

0.001861 

0.005393 

0.01563 

0.04528 

0.1312 

0.3802 

1.102 

1.989 

3.16 

5.02 

6.909 

9.386 

12.75 

17.32 

23.53 

31.96 

43.42 

70 

100 

430.3 

325 

228.4 

139.2 

60.71 

21.11 

6.042 

3.975 

4.334 

5.055 

7.769 

8.529 

9.052 

7.244 

5.15 

3.561 

2.5 

1.5 

1 

 

Table A.3-3. Cross sections of reaction 2 and 3 

                                                   
‡‡ 10-16 cm2 
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Electron energy (eV) Reaction 2 Reaction 3 

13.5 

15 

17.5 

20 

22.5 

25 

30 

35 

40 

45 

50 

60 

70 

80 

90 

100 

110 

125 

150 

175 

200 

250 

300 

0.025 

0.126 

0.272 

0.411 

0.549 

0.652 

0.815 

0.958 

1.05 

1.12 

1.18 

1.24 

1.27 

1.31 

1.31 

1.31 

1.29 

1.27 

1.21 

1.16 

1.12 

1.01 

0.921 

 

 

0.0013 

0.0145 

0.05 

0.0855 

0.16 

0.222 

0.264 

0.3 

0.329 

0.364 

0.389 

0.409 

0.412 

0.418 

0.415 

0.412 

0.393 

0.381 

0.363 

0.334 

0.311 
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400 

500 

600 

700 

800 

900 

1000 

0.789 

0.696 

0.618 

0.555 

0.502 

0.465 

0.432 

0.266 

0.23 

0.203 

0.185 

0.169 

0.156 

0.143 

 

 

Table A.3-4. Cross sections of reaction 7 and 8 

Electron energy (eV) Reaction 7 Electron energy (eV) Reaction 8 

10 

15 

20 

30 

50 

75 

100 

150 

200 

250 

300 

0.15 

0.48 

0.7 

1.3 

1.9 

2.1 

2.05 

1.98 

1.75 

1.6 

1.4 

9 

10 

12.5 

15 

17.5 

20 

22.5 

25 

27.5 

30 

35 

0 

1.87 

7.33 

9.19 

9.32 

9.11 

8.45 

7.97 

7.67 

7.45 

6.98 
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Table A.3-5. Cross section of reaction 16 

Electron energy (eV) Reaction 7 Electron energy (eV) Reaction 8 

4.3 

4.51 

4.75 

5 

5.21 

5.39 

5.56 

5.69 

5.836 

6 

6.1 

6.27 

6.36 

6.437 

6.536 

6.626 

6.77 

6.874 

7.02 

7.15 

7.32 

7.413 

0 

9.00E-04 

1.87E-03 

4.00E-03 

6.60E-03 

0.0109 

0.0165 

0.0246 

0.0379 

0.0537 

0.0757 

0.1048 

0.114 

0.116 

0.1154 

0.1105 

0.095 

0.0763 

0.06235 

0.0489 

0.0376 

0.0356 

8.19 

8.31 

8.385 

8.53 

8.64 

8.85 

9 

9.23 

9.36 

9.49 

9.57 

9.654 

9.78 

10.01 

10.26 

10.52 

10.825 

11 

11.13 

11.3 

11.45 

11.6 

0.078 

0.082 

0.083 

0.081 

0.0756 

0.057 

0.0436 

0.0304 

0.0244 

0.0201 

0.0194 

0.0202 

0.0229 

0.0358 

0.053 

0.06686 

0.0775 

0.08235 

0.0847 

0.083 

0.0795 

0.0699 
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7.49 

7.6 

7.73 

7.83 

0.0345 

0.036 

0.0417 

0.048 

11.87 

12 

12.19 

12.47 

0.04818 

0.0402 

0.0311 

0.0184 
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해질 내부   플라즈마 ( 해질 플라즈마)가 하는 산 는 살

균, 면 작용  , 그리고 병변 거에 있어 주요 작용종이다. 특히 병변 

거 시 주변 조직에 한 손상  소  시킬  있는 장  인하여 주목 

아 다. 존  연구들  해질 플라즈마에 한 해질  향  고 하지 않

고 인가  증 를 통해 산   증 하 다. 고  인가에 른 열

손상  플라즈마를 이용한 병변 거 에 있어  한계를 래하 다. 그러므  

본 연구에 는 해질 내부에   플라즈마에 하여  신  학 신

를 하고, 체-플라즈마 합 모델  립하여 해질 플라즈마  해

질 플라즈마  산  에 한 연구를 진행하 다. 

 도도를 가진 해질 내부에  개시 압  인가하  해 는 

극  면  연 공간인 포  드시 히 덮어야 한다. 이러한 포 

 체 분, 열 달, 그리고 극 명에 요한 향  끼 다. 막

등  통해  포   분해나 외부 체 주입   포 에 

해 극  학  손상 지, 해질 도상승 억 , 산  에 리하

므  극  도를 씨 300 도 이상  지하는 것이 요하다. 포 막 내

부에  막 면과 극 사이에    구조는 해질  항이 체 

격벽 에  체  같이 류를 한하는 항 격벽 이며, 식염  

이   동 이 높  나트륨 양이 들이 포 막 면에 모임에 라  

극에   스트리 가 자 가속  생 어 포 면  진행해 나

간다. 또한 해질과 포 간  열  인하여 포 막  께는 시간에 

라 변하여  장  에 향  주어 해질  도에 라 주
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 이 다. 

포 내부에  스트리 는 H2O 체  진동  회  에 지  인하여 

  과 달리 이 가 없는 자충돌 이 만  진행 다. 스트

리  이  첨  장   52 kV/cm , 자에 지는 18.2 eV에 이르

러  분자가 자  충돌  인하여 산  해리 다. 스트리 는 포  

면에 도달 시 소멸 지 않고, 이  첨 가 해질 면에 하는 Taylor 

cone instability 상  인해 이  첨  장이 34 kV/cm, 자에 지가 

15 eV  지 어 포  면  라 이 진행하게 다. 포  면  

라 진행하는  통해 산 가 주  고 포 내부에  는 

산 는 H2O2  결합 어 손실 므  해질 플라즈마  산   

높이  해 는 플라즈마가 는 포  면  히는 것이 요하다. 

 

주요어 : 해질  

학  번 : 2010-30255 
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