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В работе приводятся результаты экспериментальных исследований параметров 

подводного разряда переменного тока частотой 50 Гц, горящего между двумя проволоч-

ными электродами из меди, молибдена и стали (Ст3). При различном межэлектродном 

расстоянии определены геометрические размеры пузырьков с микроразрядом (диаметр 

0,54±0,03 мм), вольтамперные характеристики разряда по которым оценены: длитель-

ность отдельных микроразрядов ~1,0±0,2 мс, падение напряжения между электродами 

510±60 В и приблизительная мощность тепловых источников нагрева жидкой фазы 

~120±10 Вт. В зарегистрированных спектрах излучения разряда обнаружены линии ато-

марного водорода (Hα, Hβ, Hγ) и кислорода, а также полосы гидроксил радикала (переход 

A2Ʃ,V´ → X2P,V´´). Полосы излучения молекулярного азота в спектре не обнаружены. Рас-

считаны абсолютная интенсивность излучения линий атомарного водорода и кислорода, 

а также полос гидроксил радикалов. В пределах погрешности измерения интенсивность 

излучения не зависит от материала электродов, но существенно изменяется с межэлек-

тродным расстоянием. Рассчитана эффективная колебательная температура 7500±300 К 

для OH(A2Ʃ). Заселенность вращательных уровней OH(A2Ʃ) можно описать двумя темпе-

ратурами, характеризующими нижние и верхние вращательные уровни с температурами 

1800±100 К и 3300±200 К соответственно. Оцененная приведенная напряженность поля 

в исследованном разряде (1,8±0,5·10-16 В·см2) в пределах погрешности определения не от-

личается от приведенной напряженности электрического поля положительного столба 

разряда атмосферного давления постоянного тока, горящего между металлическим элек-

тродом и водой. После зажигания разряда зарегистрировано изменение проводимости и 

pH жидкой фазы, выпадение микрокристаллического осадка оксидов металлов материала 

электродов. 

Ключевые слова: неравновесный разряд, эмиссионная спектроскопия, напряженность поля, 
эффективная колебательная температура, температура газа, интенсивность излучения, плотность мощности 
источников нагрева 
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The paper presents the results of experimental studies of the parameters of an underwater 

discharge of alternating current with a frequency of 50 Hz, burning between two wire electrodes 

made of copper, molybdenum and steel. At different interelectrode distances, the geometrical di-

mensions of bubbles with a microdischarge were determined, according to which the current-volt-

age characteristics of the discharge were estimated: the duration of individual microdischarges is 

~1.0±0.2 ms, the voltage drop between the electrodes is 510±60 V and the electric field strength is 

510±60 V/cm, the approximate power thermal sources of liquid phase heating ~120±10 W. In the 

recorded emission spectra of the discharge, lines of atomic hydrogen and oxygen, as well as bands 

of the hydroxyl radical, were found. There are no emission bands of molecular nitrogen in the 

spectrum. The absolute emission intensity of the lines of atomic hydrogen and oxygen, as well as 

the bands of hydroxyl radicals, has been calculated. Within the measurement error, the radiation 

intensity does not depend on the material of the electrodes, but varies significantly with the inte-

relectrode distance. The effective vibrational temperature of 7500±300 K for OH(A2Ʃ) is calculated. 

The population of rotational levels OH(A2Ʃ) can be described by two temperatures characterizing 

the lower and upper rotational levels with temperatures of 1800±100 K and 3300±200 K, respec-

tively. The reduced electric field strength was estimated (1.8·10-16 V·cm2). After the discharge was 

ignited, a change in the conductivity and pH of the liquid phase was registered, as well as the pre-

cipitation of a microcrystalline precipitate of metal oxides of the electrode material. 

Key words: non-equilibrium discharge, emission spectroscopy, field strength, effective vibrational 

temperature, gas temperature, radiation intensity, power density of heating sources 
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INTRODUCTION 

Nonequilibrium plasma burning at atmos-

pheric pressure is an effective tool in many areas of 

science, technology, biomedicine, and chemical tech-
nology [1–4]. The impact of atmospheric pressure 

plasma on the liquid phase opens up even greater op-
portunities for practical applications in analytical 

chemistry, water purification and disinfection, material 
processing, and chemical synthesis [6-10]. When a dis-

charge is ignited in the liquid phase, various, both con-
ductive and non-conductive liquids (for example, liq-

uid nitrogen, ethanol, or deionized water) can be used 
as electrolytes. In this case, both the electrode and the 

ions of the solution can act as a source of particles. 
When an electrode is used as a starting material for na-

noparticles, this is called “solution plasma sputtering” 
[11]. At present, it is not completely clear how break-

downs are formed in a liquid medium. The details of 
the breakdown process depend on the stresses and 

characteristics of the excitation wave, as well as on the 

properties of the liquid. However, DC or AC excitation 
can lead to Joule heating and the formation of a vapor 

phase through which breakdown can occur. It is be-
lieved that liquid discharges generated by microsecond 

pulses are initiated due to gas bubbles already present 

in the liquid or bubbles formed when a voltage is ap-

plied. In this case, the formation of a discharge is also 
possible without bubbles [12], since nanosecond dis-

charges are too short for bubbles to form during a high-

voltage pulse. 

To date, there is no single comprehensive the-

ory describing the electrical breakdown of a liquid. It 

is natural to expect that the accumulation of experi-

mental information about the discharge parameters in 

the liquid phase will make it possible to better under-

stand the physics of this process. 

The purpose of this work was to experimen-

tally evaluate the electrophysical parameters of an un-

derwater discharge using a variable power source with 

a frequency of 50 Hz and metal electrodes made of var-

ious materials. 

EXPERIMENTAL TECHNIQUE 

The discharge under study was excited in a 

quartz cell filled with distilled water (volume 50 ml) 

between two identical wire electrodes made of molyb-

denum, copper, and steel (St3sp) 1 mm in diameter 

[13]. The electrodes were located at an angle of 45 

with respect to each other with the possibility of adjust-

ing the interelectrode distance (L) 0.1-5 mm. 
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The discharge power circuit included a step-up 

transformer (maximum output voltage 10 kV), an ad-

justable laboratory autotransformer, and a ballast re-

sistance of 6 kΩ. To determine the current-voltage char-

acteristics of the discharge, a GWinstek GDS-71022 os-

cilloscope was used. In rare cases, with the configura-

tion of the electrodes used and the set parameters (in-

terelectrode distance, frequency and voltage ampli-

tude), there is a possibility of a change in the type of 

discharge and the transition of a spark discharge to an 

arc discharge. Conductivity of the liquid phase and pH 

measurements was performed using PHT-028 (Keli-

long, China). 

Plasma emission spectra were recorded using 

an AvaSpec-2048L-2-USB2 spectrophotometer with 

two 600 lines/mm diffraction gratings, operating wave-

length range from 200 to 900 nm, and an entrance slit 

of 25 × 100 μm. The distance between the discharge 

burning site and the receiving lens of the spectropho-

tometer was 1.1 cm. Absolut emission intensity calcu-

lated 𝐼 = 𝐼𝑆𝑆𝑙 (
𝑅𝐿
2

4𝐿𝐷
2 𝜋𝑅𝐷

2𝐻)
−1

, where 𝐼 – radiation in-

tensity reduced to unit area of the entrance slit of the 

spectrometer, SSl – spectrophotometer slit area, RL – ra-

dius receiving lens of the spectrophotometer 0.25 cm, 

LD – distance from discharge to receiving lens of the 

spectrophotometer, H – discharge length, RD – dis-

charge radius. 

To determine the rotational and vibrational 

temperatures OH(A2Ʃ), we used the Cyber Wit Dia-

tomic program or our own program [14]. Molecular 

constants for OH˙ were taken from the monograph 

[15]. It should be noted that in some cases it is impos-

sible to describe the distribution of molecules over ro-

tational levels by a single temperature. The reasons for 

this are detailed in the book by V.N. Ochkin [15]. The 

temperature of the arc discharge was determined by an-

alyzing the slope of the continuum in the recorded ra-

diation spectra [16]. The arc temperature did not de-

pend on the material of the electrodes and the interelec-

trode distance and amounted to 5800±500 K. 

The determination of the approximate power 

density of heat sources for heating the liquid phase was 

carried out by analyzing the dependence of its temper-

ature on time. The measurements were carried out with 

a pre-calibrated copper-constantan thermocouple in a 

thin-walled glass capillary at the heating section 

(dT/dt)H and the cooling section (dT/dt)C of the liquid 

phase (Fig. 1). 

The power density of heat sinks and sources was 

calculated using the formula cm(dT/dt)=PH – РC. In 

this case, PH is the total power of all heat sources heat-

ing the system (time range from point 3 to point 4, Fig. 1), 

and PC is the power of heat sinks in the system (time 

range from point 6, Fig. 1). According to experi-

mental data for L=5 mm and i=100 mA PH ≈ 123 W, 

and Pc ≈ 18.1 W. 
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Fig. 1. Evolution temperature of liquid phase (Cu; L = 6.5 mm). 

1 – the moment of switching on the power source of the system, 

the beginning of current transmission and generation of charge 

carriers (i = 50 mA); 2 – the end of the generation of charge carri-

ers (t1) and an increase in the current strength to the operating 

value (for example, i = 100 mA); 3 – moment of first spark (t2); 

4 – the beginning of the boiling of the liquid phase; 5 – the mo-

ment of achieving stable burning of the discharge; 6 – moment of 

switching off the power supply (t3) 

Рис. 1. Изменение температуры жидкой фазы внутри ячейки 

от времени (медные электроды; L = 6,5 mm). 1 –момент вклю-

чения источника питания системы, начало пропускания тока 

и генерации носителей заряда (i = 50 mA); 2 –окончание гене-

рации носителей заряда (t1) и повышение силы тока до рабо-

чего значения (например, i = 100 mA); 3 – момент первой ис-

кры (t2); 4 –начало кипения жидкой фазы; 5 –момент дости-

жения устойчивого горения разряда; 6 – момент выключения 

источника питания (t3) 

 

RESULTS AND DISCUSSION 

The results of evaluating the conductivity and 

the value of the hydrogen index of the liquid phase are 

presented in Table 1. For all the experiments, the first 

60 s of the installation operation was the “interval of 

charge carrier production” (tG) during this time inter-

val, the plasma discharge was not initiated, and the dis-

charge current was maintained at the level 50 mA. 

Next, the operating value of the current (i) was set to 

100 mA. Fig. 2 shows that the pH value has a non-lin-

ear dependence on the discharge generation time. 

In the emission spectra of the discharge, emis-

sion lines of atomic hydrogen and oxygen, as well as 

bands of hydroxyl radicals (A2Ʃ, V  X2, V), were 

recorded. In the emission spectra of a gas discharge 

burning between copper electrodes, numerous emis-

sion lines of copper are recorded. Similarly, the lines 

of atomic iron and molybdenum are present in the 

emission spectra of a discharge burning between steel 
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and molybdenum electrodes, respectively. No lines or 

bands of nitrogen-containing products were found in 

the emission spectra. It should be noted that the inte-

relectrode distance has a noticeable effect on the emis-

sion intensities of the lines and bands of the spec-

trum (Fig. 3). 

 
Table 1 

Characteristics of the liquid phase  

Таблица 1. Характеристики жидкой фазы 

Electrode Cu–Cu Electrode Fe–Fe Electrode Mo–Mo 

Parameters L, mm t1 t2 t3 t1 t2 t3 t1 t2 t3 

t, s 

0.80 

60 97 132 60 90 120 60 95 130 

σ, 10-6 Sm 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.01 

pH 5.46 5.81 6.16 5.56 6.00 6.26 5.60 5.81 6.06 

t, s 

1.40 

60 117 143 60 95 130 60 99 141 

σ, 10-6 Sm 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.05 0.03 

pH 5.96 7.25 5.95 5.91 6.96 6.69 5.69 6.36 6.98 

t, s 

3.00 

60 286 320 60 237 249 60 89 175 

σ, 10-6 Sm 0.01 0.02 0.02 0.06 0.05 0.04 0.06 0.06 0.03 

pH 6.11 8.45 6.55 6.11 8.39 7.03 5.46 6.10 5.63 
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Fig. 2. Hydrogen index of the liquid phase after discharge burning 

at different interelectrode distances (a) and different settling times 

(b) (electrode Cu; i = 100 mА) 

Рис. 2. Водородный показатель при различных межэлектрод-

ных расстояниях (a) и различном времени отстаивания (b) 

(медные электроды; i = 100 mА) 
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Fig. 3. The emission intensity of hydrogen lines for a burning discharge 

between copper (a) and steel (b) electrodes, 1 – H(2p2P0 → 3d2D), 

2 – H(2p2P0 → 4d2D), 3 – H(2p2P0 → 5d2D) 

Рис. 3. Интенсивность излучения линий водорода для разряда 

горящего между медными (а) и стальными (b) электродами, 

1 – H(2p2P0 → 3d2D), 2 – H(2p2P0 → 4d2D), 3 – H(2p2P0 → 5d2D) 
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Fig. 4. The emission intensity of oxygen lines for a burning dis-

charge between copper (a) and steel (b) electrodes, 1 – O 

(2s22p3(4S°)3s → 2s22p3(4S°)3p)λ = 777.4 nm, 2 – O 

(2s22p3(4S°)3s → 2s22p3(4S°)3p) λ = 844.7 nm, 3 – O 

(2s22p3(4S°)3p → 2s22p3(4S°)3d) λ = 926.3 nm 

Рис. 4. Интенсивность излучения линий кислорода для раз-

ряда горящего между медными (а) и стальными (b) электро-

дами 1 – O (2s22p3(4S°)3s → 2s22p3(4S°)3p)λ = 777,4 нм, 2 – O 

(2s22p3(4S°)3s → 2s22p3(4S°)3p) λ = 844,7 нм, 3 – O 

(2s22p3(4S°)3p → 2s22p3(4S°)3d) λ = 926,3 нм 

 
The effective vibrational temperature (TV) and 

rotational temperature (Tr) of the A2 state were deter-
mined from the intensity ratio of the OH bands at dif-
ferent interelectrode distances (Table 2). It should be 
noted that there are two groups of cold and hot mole-
cules corresponding to the lower and higher rota-

tional numbers of the A2 state with temperatures of 
1800±100 K (we equated the gas temperature) and 
3300±200 K, respectively. 

The digital photograph was used to determine 
the geometrical parameters of the discharge channel. 
Despite the fact that the observed plasma is actually a 

group of successive microdischarges, in the interval of 
several seconds one can speak of the existence of a sta-
ble path along which the bulk of the discharges pass. 
The initially formed area of the discharge burning is 
shifted to the surface of the liquid phase, which leads 
to an elongation of the discharge channel and subse-
quently to its rupture. In most cases, we can say that 
the length of the discharge channel is greater than the 
interelectrode distance by ~20-30% for all types of 
electrodes we studied. 

The frequency of initiation of single dis-
charges in the vast majority of cases coincides with the 
frequency of the current. Under the same conditions, 
individual microdischarges are almost completely 
identical, but are accompanied by stochastic current 
fluctuations. The duration of a single discharge, which 
was 1.2±0.3 milliseconds. The microdischarge voltage 
is practically independent of time and amounts to 
~560±40 V (Fig. 5). The microdischarge current, with-
out taking into account random fluctuations, reaches 
273±35 mA (Fig. 5). 

The estimated reduced field strength in the dis-
charge we studied (Table 2) within the limits of the de-
termination error does not differ from the reduced elec-
tric field strength of the positive column of the DC at-
mospheric pressure discharge burning between the 
metal electrode and water [17-20]. 

CONCLUSION 

The results of the study of the parameters of an electric 
discharge in the liquid phase when using an alternating 
power source with a frequency of 50 Hz are presented. 
The digital photos, radiation spectra and volt-ampere 
characteristics of the discharge were recorded, the ther-
mal sources of heating of the liquid phase and the geo-
metric parameters of the discharge were evaluated. 

The study was carried out using the resources 
of the Center for Shared Use of Scientific Equipment of 
the ISUCT (with the support of the Ministry of Science 
and Higher Education of Russia, grant No. 075-15-
2021-671). 
Исследование выполнено с использованием ресур-
сов Центра коллективного пользования научной 
аппаратурой ИГХТУ (при поддержке Минобрна-
уки России, грант № 075-15-2021-671). 

Table 2 

Plasma electro physical parameters  

Таблица 2. Электрофизические параметры 

Electrodes Tr, K i, A E, V/cm N, cm-3 E/N, V·cm2 D, cm TV, K τ, ms 

Mo– Mo 1700 0.276 513 2.941018 1.7510-16 0.054 7500 1.34 

Cu– Cu 1800 0.256 448 2.451018 1.8310-16 0.057 7600 0.96 

Fe– Fe 1600 0.321 569 2.621018 2.1710-16 0.052 7700 0.79 

Note: ainterelectrode distance 3 mm 

Примечание: aрасстояние между электродами 3 мм 
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Fig. 5. Voltage (1) and current (2) change at the discharge between two electrodes made of copper (a) and molybdenum (b); interelec-

trode distance is 3 mm 

Рис. 5. Изменения напряжения (1) и тока (2) микроразряда горящего между медными (a) и молибденовыми (b) электродами; 

межэлектродное расстояние 3 мм 
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