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Abstract— Complexity of branching pattern and OH 

production of water surface discharges were investigated by 

comparing nanosecond and microsecond water surface discharges 

that were defined as NWSD and MWSD, respectively. 

Experimental and analyzed results between NWSD and MWSD 

under comparable maximum discharge length ld are summarized 

as follows: 1) NWSD showed the greatest complexity of branching 

pattern by fractal analysis; 2) electron density of NWSD was 

approximately two times greater than MWSD and both orders 

were 10-17 cm-3; 3) emission intensity of OH (A-X) from MWSD 

was greater than NWSD; 4) rotational temperature of NWSD was 

almost constant around 1000 K irrespective of ld and rotational 

temperature of MWSD increased with increasing ld ranging from 

2000 to 4000 K. It was found that the complexity of discharge 

pattern on water may be affected by the field intensity at water/air 

boundary. OH production was presumed to be caused by thermal 

dissociation in this experimental condition. 

 
Index Terms— Surface discharge on water, nanosecond pulsed 

discharge, streamer, advanced oxidation processes, fractal 

analysis 

I. INTRODUCTION 

HE OH radicals generated via such as decomposition 

processes of ozone or hydrogen peroxide are effective for 

degradation of the persistent substance, which is so called 

advanced oxidation processes (AOPs). Other generation 

methods of OH radical in water have been investigated using 

ultraviolet degradation of hydrogen peroxide [1], photocatalyst 

[1], Fenton reaction [2], microbubble [3], electrolyzation [4], 

ultrasound [5] and radiation [6]. 

Recently, the discharge plasma that is able to generate the 

OH radicals directly from the H2O molecules has been focused 

[7], [8]. The surface discharge generates OH radical in water 

via various chemical reactions at the gas-liquid interface. Thus 

far, the pulsed surface discharge on water was studied with 

several pulse widths of the applied voltage on the order of a few 

hundred to thousand nanoseconds [8]-[11]. Generally, the 

heating of discharge channel is suppressed by shortening the 

pulse width of voltage. The additional chemical reaction due to 
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heating of discharge channel causes adverse effects on the 

efficient generation of radicals. However, the relation between 

the pulse width of voltage and the surface discharge on water 

has not drawn attention. 

The complexity of discharge pattern that relates the number 

of discharge tip is of importance in the relatively evaluating the 

active site of radical formation. Detailed fractal analysis of 

discharge branching patterns on solid insulator has been 

examined [12]. In addition, H. Sakaguchi et al. simulated 

surface discharge patterns using a two-dimensional circuit 

model composed of capacitors and resistors whose capacitors 

were connected in parallel of the node of delta connection of 

resistors [13]. The simulation results show that the fractal 

dimension increases with increasing capacitance, which 

supports the reference [12]. The modeling of solid insulator is 

simple, however, the branching phenomena of surface 

discharge on water is not simple due to difficulty in modeling 

the interaction between the discharge and water. 

This paper describes the complexity of discharge patterns on 

water with different pulse width of voltage using fractal 

analysis. To discuss the branching mechanism, we assume an 

equation of field intensity at water/air boundary. In addition, 

the difference of OH production and plasma behavior between 

different pulsed surface discharges were discussed by 

analyzing spectroscopic measurements. 

II. EXPERIMENTAL SETUP AND PROCEDURE 

A. Experimental Setup 

Two pulsed power generators were used to investigate the 

effect of the generator characteristics on streamer branching 

and plasma behavior. Blumlein line and a capacitor discharge 

circuit are shown in Fig. 1 (a) and (b), respectively. Tungsten 

was adopted as the needle electrode material. The cylindrical 

reactor was filled with the tap water (conductivity is 140 S/m). 

The gap distance between the needle tip and the water surface 

was set at approximately 1 mm. A reflecting mirror tilted at 45 

degrees to the ground was set above the cylindrical reactor to 

take images of the surface discharge by a digital CMOS camera 

(D610, Nikon). A carbon plate (thickness: 2 mm) was put on a 

grounded plate electrode to prevent the light reflection from the 

plate electrode. The water depth was set at 8 mm. The applied 

voltage and current were measured using a high voltage probe 

(HV-P30, IWATSU ELECTRIC Co., Ltd.) and a current 
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monitor (Model 4100, Pearson Electronics), respectively. 

Waveforms were measured by an oscilloscope (DPO4104B-L, 

Tektronix Inc.). A CCD multi-channel spectrometer (Glacier X, 

B&W Tek Inc.) was used for spectroscopic measurements. A 

radiance calibration of the spectrometer was done in advance. 

Optical emission spectra were observed at just below the needle 

electrode. 

B. Fractal Analysis 

Fractal analysis of surface discharge pattern was performed 

by a general box counting method. For analyzing the discharge 

propagation patterns, computer processing was carried out to 

enhance the weak emission at the discharge tip. Discharge 

channels of the computer processed images were traced using 

the same thickness line in order to neglect thickness differences 

of discharge channel between the discharge stem and tip. 

The following processes were carried out to estimate fractal 

dimension D of the surface discharge: 1) traced images were 

divided into several boxes of size r; 2) the number of boxes 

covering surface discharge was set as N(r). The relation 

between N(r) and r can be written as follows: 

 ( ) DN r r−=  (1) 

 log ( )

log

N r
D

r
= − . 

(2) 

Strong linearity of (2) provides an accurate D. Thus, the 

linearity was confirmed by the coefficient of determination R2. 

Analyzed images show the strong linearity when R2 is close to 1. 

The equation of R2 from a regression analysis is as follows: 

 2 21 , 0 1e

c

S
R R

S
= −   , 

(3) 

where Se is the sum of square error, Sc is the deviation of the 

sum of square of log N (r) and R is the coefficient of correlation. 

C. Plasma Temperature Estimation 

Generally, non-thermal plasma is characterized by different 

temperatures: electron temperature (Te), vibrational 

temperature (Tvib), rotational temperature (Trot) and 

translational temperature (Ttrans). In the pulsed discharge under 

the atmospheric pressure, however, the condition Tgas ~ Trot ~ 

Trans < Tvib is considered to hold because of the fast relaxation 

between rotation-to-rotation and rotation-to-translation of N2 

molecules [15]. Thus, the  N2 second positive system band 

(electron level; C3u → B3g, vibrational level; v’ = 0 → v” = 

0) is used to estimate Trot (~Tgas). The coefficients with intensity 

calculation of triplet systems of N2 second positive system band 

are based on literatures [16], [17]. Preliminarily, the asymmetry 

intensity distribution due to instrumental effect of the 

spectrometer was measured by a He-Ne laser (632.8 nm). 

Phillips apparatus function is a reasonable approximation of 

broadening the asymmetry intensity distribution [18]. The 

broadening width was taken into account on the theoretical 

intensity calculation. The accidental error between calculation 

and measurement were minimized by a least-square approach. 

III. RESULTS 

Two kinds of pulsed power generators including Blumlein 

line and capacitor circuit are examined to elucidate the effects 

of voltage peak and pulse width of voltage on the propagation 

characteristics of surface discharge on water with comparable 

maximum discharge length ld. 

A. Discharge Images and Voltage and Current Waveforms 

Images of surface discharge on water generated by Blumlein 

line and capacitor circuit are shown in Figs. 2(a-1) and 2(b-1), 

respectively. The each ld of Figs. 2(a-1) and 2(b-1) is 

approximately 23 mm. The emission intensity was enhanced as 
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(b) Capacitor discharge circuit. 

Fig. 1. Schematic diagrams of experimental setup. 

 

  
      (a-1)      (b-1) 

  
      (a-2)      (b-2) 

  
      (a-3)      (b-3) 

Fig. 2. Typical images of surface discharge on water at ld = 23 mm: (a-1) 

Blumlein line, (b-1) capacitor circuit, (a-2) and (b-2) the corresponding 

computer processed images, (a-3) and (b-3) the corresponding traced images. 
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shown in Figs. 2(a-2) and 2(b-2) due to the weak emission of 

original images. The traced images for fractal analysis are 

indicated in Figs. 2(a-3) and 2(b-3). The voltage and current 

waveforms corresponding to Figs. 2(a-1) and 2(b-1) are shown 

in Figs. 3(a) and 3(b). Here, surface discharges generated by 

Blumlein line and capacitor circuit are defined as nanosecond 

water surface discharge (NWSD) and microsecond surface 

discharge (MWSD), respectively. The voltage peak and pulse 

width of NWSD under comparable ld = 23 mm are 1.7 and 

0.001 times greater than that of MWSD, respectively. The 

applied voltage peak was measured as a function of the ld, as 

shown in Fig. 4. The ratio of the ld to the applied voltage peak 

on the NWSD and MWSD are 1.96 and 4.17 mm/kV, 

respectively. In the case of NWSD, the discharge propagation is 

limited owing to the small value of the pulse width of the 

applied voltage. The difference in the propagation ratio in Fig. 

4 indicates the additional effect of the pulse width of voltage. 

B. Fractal Analysis of Discharge Patterns 

Fractal analysis of Figs. 2(a-3) and 2(b-3) are performed to 

verify the amount of branching. The result is shown in Fig. 5. 

The value of negative slope corresponds to the fractal 

dimension D. The coefficient of determination R2 of NWSD 

and MWSD are 0.997 and 0.996, indicating strong linearity 

because R2 is illimitably close to 1. Strong linearity displayed 

by the regression line means that the treated images of surface 

discharge have a fractal nature. The value of D on NWSD and 

MWSD are 1.37 and 1.33, respectively. The higher D means 

much branching of discharge. Furthermore, the much 

branching of NWSD is also found that the number of covering 

box N(r) with NWSD is greater than MWSD in spite of the both 

subequal ld (see Fig. 5). The D was calculated as a function of 

the ld, as shown in Fig. 6. The value of D on NWSD is higher 

than that of MWSD irrespective of ld. Therefore, the value of D 

is also independent of the peak value of voltage in comparison 

with Fig. 4. 

C. Spectroscopic Measurement 

Optical emission spectra of NWSD and MWSD are shown in 

Fig. 7. They are normalized by the intensity of N2 (0-0) peak. 

N2 (C-B) and OH (A-X) at 310 nm are observed in the range 

from 280 to 420 nm. OH (A) is produced by a large number of 

reactions. OH (A) production by dissociative excitation from 

H2O is supposed as follows [19]: 

 H2O(X) + e → OH(A) + H(n=1) + e.  (4) 
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Fig. 5. Number of covering box versus box size with different pulsed 

discharges. 
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Fig. 6. Fractal dimension as a function of maximum discharge length. 
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(a) Blumlein line. 
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(b) Capacitor discharge circuit. 

Fig. 3. Voltage and current waveforms at ld = 23 mm. 
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Fig. 4. Applied voltage peak as a function of maximum discharge length. 
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In addition, OH (A) production by metastable N2 (A) 

(vibrational revel v’≧ 21) was reported under N2/H2O mixture 

[20]: 

 H2O(X) + N2(A) → OH (A) + H(n=1) + N2(X).  (5) 

However, according to [21], almost N2 (A) are quenched by 

O2 under atmospheric air. Consequently, OH (A) production by 

N2 (A) can be negligible in this study. Secondary excitation 

reaction from OH (X) to OH (A) (4 eV) plays a significant role 

in the production of OH (A) owing to low dissociation energy 

of water bonding O-OH (5.1 eV) [22]. The following reactions 

of OH (X) productions are supposed by some literatures 

[22]-[24]: 

 H2O(X) + e → OH(X) + H(n=1) + e  (6) 

 H2O(X)+ O(1D) → 2OH (X)  (7) 

 H2O + e → OH(X) + H－  (8) 

 e + H2O+ → OH(X) + H  (9) 

 e + H3O+ → OH(X) + H2 + e.  (10) 

The emission intensity of OH (A-X) with P and R branches 

around 310 nm of MWSD is obviously greater than that of 

NWSD. D. Yang et al. reported that the emission intensity of 

OH (A-X) decreased with increasing the gap distance of 

electrode with a homogeneous dielectric barrier nanosecond 

pulsed discharge at atmospheric humid air [21]. Meanwhile, the 

intensity of OH (A-X) increased with increasing applied 

voltage under same gap distance. Their results indicate the 

intensity of OH (A-X) depends on the reduced field intensity 

(E/N). Although the applied voltage of NWSD is 

approximately two times greater than MWSD (see Fig. 4), the 

intensity of OH (A-X) is independent of the E/N at the needle 

electrode. The cause of the difference of OH intensity will 

discuss in the Section IV-C. 

D. Plasma Temperature Characteristics 

To estimate the gas temperature of plasma, the simulation 

spectra is fitted to the measurement one of N2 (C-B, 0-0) by a 

least-square approach as shown in Fig. 8. The simulation 

spectra is a function of the Trot temperature. The detailed 

simulation method was explained in Section II-C. 

Characteristic of Trot is shown in Fig. 9 as a function of ld. The 

Trot of NWSD is almost constant irrespective of the ld. On the 

other hand, Trot of MWSD increased with increasing ld. 

IV. DISCUSSION 

A. Streamer Branching on Water Surface 

As mentioned in section III-B, the high-complexity 

discharge pattern of NWSD was indicated by a fractal analysis. 

Here, the streamer branching on water is discussed based on the 

electric field along the water surface and the initial electron. 

The electric field is rearranged at the moment when a discharge 

bridges the air gap between needle and water. The current flow 

in the water affects the electric field along the water surface. 

The current value of NWSD is one order larger than MWSD as 

shown in Fig. 3. When we assume the conduction current flows 

radially in water, the field intensity E in water at the arbitrary 

distance d from the flowing current point can be expressed 

based on an electromagnetic theory as follows: 

 
22

I
E

d




= , (11) 

where  is resistivity of water and I is conduction current in 

water. It can be assumed that the E is almost same at the 

boundary between water and air. According to (11), the field 

intensity is determined by the value of I because the  is same 

in the cases of NWSD and MWSD. 

Field intensity at the discharge tip has an influence on the 

generation of initial electron around the tip. According to [25], 

[26], the electron detachment from the O2
- and O2

-(H2O) cluster 

may be possible dominant mechanism in humid air since the 

probability of electron production with the natural ionizing 
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Fig. 7. Optical emission spectra of different pulsed discharge on water. 
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Fig. 8. Measurement point and simulation spectra of microsecond pulsed 

discharge at N2 second positive system (0-0). 
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Fig. 9. Rotational temperature versus maximum discharge length. 
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from cosmic ray or natural phenomena is negligible small due 

to short sustaining period of the voltage within a few tens of 

microseconds. It is supposed that initial electrons are rich at the 

tip of NWSD because the detachment lifetime of negative ions 

is a function of E/N [25]. 

A. Kulikovsky simulated a propagation of positive streamer 

in atmospheric air by two-dimensional modeling with process 

of photoionization [27]. The results showed that the streamer 

branching appeared when the potential at the anode tip 

increased. As stated above, NWSD requires approximately two 

times higher voltage to form the identical ld of MWSD, as 

shown in Fig. 4. Consequently, it is reasonable for the NWSD 

to propagate with a large number of branches due to the high 

potential of the streamer tip. 

B. Electron Density and Discharge Phase Transition 

The spectrum line profile of H is shown in Fig. 10. The 

intensity are normalized by intensity of N2 (0-0) peak. The full 

width of half maximum (FWHM) of NWSD is greater than that 

of MWSD. Generally, H is mainly broadened by the Stark 

broadening that correlates with the electron density. The 

electron density Ne in cm-3 is determined by following equation 

[28]: 

 2/3

2/1

2/1121002.8 









=




eN , (12) 

where 1/2 is FWHM of Stark broadening in angstroms and 1/2 

is half width of reduced Stark broadening in angstroms. The 

1/2 is a function of the electron density and temperature [29]. 

Stark broadening can be supposed Lorentzian profile. 

Convolution of Lorentzian and instrumental function was 

carried out to fit the measured H. Estimated Ne with NWSD 

and MWSD were approximately 2×10-17 and 1×10-17 cm-3, 

respectively. A large number of Ne in NWSD may be supposed 

by a large number of streamer tips and the small diameter of the 

discharge channel. 

Fig. 11 shows the emission from O(5P) species at 777 nm. 

The intensity are normalized by the intensity of N2 (0-0) peak. 

The intensity of MWSD was greater than that of NWSD. M. 

Janda et al. supposed that the phase transition of streamer to 

spark discharge in atmospheric air by emission intensity of 

O(5P) as indicated in the following steps [30]: 

 e + N2(X) → e + N2(C) streamer phase (13) 

 N2(C) + O2 → N2(X) + 2O(3P) transition phase (14) 

 e + O(3P) → e + O(5P) spark phase. (15) 

As the result of Fig. 11, the discharge phase of MWSD may 

transit close to the spark phase due to its large number of O(5P) 

population. In addition, as stated in Section III-D, MWSD are 

also characterized by the high Trot (see Fig. 9). 

C. OH Production by Thermal Dissociation 

As shown in Fig. 7, OH (A-X) intensity from MWSD was 

greater than that from NWSD. The Trot may affect the OH 

production due to a profound difference of Trot between NWSD 

and MWSD (see Fig. 9). P. Bruggeman et al. investigated gas 

temperature dependence of production reaction rates of OH for 

1 eV plasma with following thermal dissociation [24]: 

 H2O + H2O → OH(X) + H + H2O.  (14) 

According to their results, the production rate of OH increases 

with increasing gas temperature unless the plasma is LTE 

condition. Trot dependence of the intensity of OH (R branch, 

307 nm) with MWSD is shown in Fig. 12. Trot may be effective 

for the increase of OH intensity for MWSD, because significant 

gas heating is expected for MWSD compared with NWSD. 
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Fig. 10. H spectra at different pulsed discharges on water. The intensities are 

normalized by intensity of N2 (0-0) peak. 
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Fig. 11. OI spectra at different pulsed discharges on water. The intensities are 

normalized by intensity of N2 (0-0) peak. 
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Fig. 12. OH intensity with microsecond pulsed discharge (R branch, 307 nm) 

versus rotational temperature. 
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V. CONCLUDING REMARKS 

This study deals with the complexity of discharge branching 

pattern on water surface discharge and OH production to 

compare NWSD and MWSD. The complexity is quantitatively 

assessed by a fractal dimension D. To elucidate the differences 

of plasma behavior between NWSD and MWSD, electron 

density and Trot were estimated by analyzing H and N2 second 

positive system, respectively. The experiments are carried out 

in the range within similar ld between NWSD and MWSD. The 

results are summarized as follows. 

1) The D of discharge pattern with NWSD was greater than 

MWSD irrespective of ld. An assumed equation indicates 

that the field intensity at water/air boundary depends on 

the current. The current with NWSD was about one order 

greater than MWSD. The reason of large D of NWSD is 

believed that the large field intensity at water surface 

produces a large number of initial electrons by electron 

detachment from O2
- and O2

-(H2O). 

2) Electron density with NWSD was about two times greater 

than MWSD. On the other hand, the emission intensity of 

O (5P) at 777 nm with MWSD is greater than NWSD. It is 

inferred that the MWSD may transit close to spark phase. 

3) Emission intensity of OH (A-X) and Trot of MWSD is 

greater than NWSD. The results suggest that the thermal 

dissociation plays a significant role in emission intensity 

of OH (A-X). 
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