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This paper concerns computational modelling of the low-temperature glow discharge plasma in the

atmospheric pressure helium after spark breakdown and research on the dependence of a spatial dis-

tribution of plasma on the initial conditions of discharge and parameters of the external electric cir-

cuit. This study analysed the influence of the initial distribution of a space charge on the generation

of the glow discharge plasma after the spark breakdown between flat electrodes by means of a

2D-axial symmetric model of the atmospheric pressure helium plasma in the drift-diffusion approxi-

mation. With the discharge current of 1–12 mA, the solution for a quasi-steady state of plasma is

obtained. The dependence of a type of this discharge mode on the parameters of the external electric

circuit and coefficient of the secondary cathode emission is studied. Published by AIP Publishing.
https://doi.org/10.1063/1.5041316

I. INTRODUCTION

Over the past decade, there has been increasing interest

in the field of applied research and applications of cold non-

equilibrium atmospheric pressure plasma in biomedicine.1

This is associated with the results of the experiments on the

interaction of plasma with biological systems, tissues, and

cells employed in clinical practice. Nowadays, bactericidal

properties of plasma are widely used for medical purposes

for sterilising medical instruments, wound healing, blood

coagulation, and treating infectious skin diseases.2,3 Active

charged and neutral particles formed in plasma interact with

biological tissues at the molecular level having disinfecting

and therapeutic effects. Integrating plasma technologies into

clinical practice gave rise to the development of plasma

medicine. The new field of medicine marries physics, funda-

mental medicine, and information technologies.4 To date,

the most important direction in the development of plasma

medicine is the interaction of plasma with cell structures,

which causes changes in permeability of cell walls, excites

cells, and stimulates cell proliferation and tissue regenera-

tion.5 Despite an abundance of research in the field, biologi-

cal and physical mechanisms of the interaction of plasma

with living cells have not been sufficiently studied, which

prevents further application of plasma.

One of the crucial factors in achieving the therapeutic

effect of plasma processing of cell structures is a source of

plasma. Devices based on nonequilibrium gas-discharge

plasma generated in arc, spark, and HF-plasmatrons (Ref. 6),

dielectric-barrier discharges (Ref. 3) under atmospheric pres-

sure, and electron-beam plasmachemical reactors under

medium pressures (Refs. 7 and 8) serve as plasma sources.

Plasma mainly affects living things by the interaction of

active particles generated in plasma—electrons, ions, free

radicals, and short-wavelength radiation—which are cata-

lysts of chemical processes and trigger further biochemical

reactions in biological tissues accelerating therapeutic

effects.9 Generation of biologically active particles, their

spatial distribution, and their interaction with cell structures

depend on the methods for plasma generation, ways of its

delivery to surfaces, and doses of their processing by plasma.

Therefore, each case requires an adequate regime of dis-

charge burning and gas composition. It must be taken into

account when processing cell structures to increase their

activity. The processing implies more thorough selection of

a chemical composition of plasma and more delicate adjust-

ment of the electrophysical parameters of a source than cell

inactivation processes.

Although plasma technologies are deeply integrated into

medical practice, a number of issues related to generation of

active particles, mechanisms of their influence on biological

tissues, and determination of plasma doses and their depen-

dence on the kinetics of the active particles still remain

unsolved.10,11

One of the promising sources of plasma is a glow dis-

charge generated by an impulse spark discharge.12–14

Using plasma sources based on the glow discharge main-

tained by its spark discharge gives an opportunity to obtain

plasma jets with controllable concentrations of biologi-

cally active particles and intensity of the short-wavelength

radiation spectrum, which is more promising for biomedi-

cal applications. However, understanding physical mecha-

nisms of the energy transfer in the glow-to spark transition

and controlling the parameters of non-steady plasma

require a detailed mathematical model of this type of dis-

charge.9 Therefore, this study is aimed at modelling

plasma with the prescribed parameters on the basis of

glow-to-spark transition created in a non-steady low-cur-

rent low-temperature plasmotron.14

Nowadays, there are a few methods and approaches to

the solution to the problem based on analytical models,

Boltzmann equation, kinetic equations, and statistical simu-

lation.15–19 The main disadvantage in plasma modelling for
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biomedical applications is the inconsistency of these

approaches providing the basis for the model that finally

leads to the discrepancy between the available theoretical

results and experimental data obtained by the corresponding

methods of plasma diagnosis.

Reference 20 provides the results of calculations of the

dynamics of the parameters of the atmospheric pressure

helium plasma formed after the spark breakdown. The results

obtained in that study for the conditions similar to Ref. 13

showed that the initial stage of the current development is

impulse associated with the formation of a near-cathode

layer of the discharge. Having passed through the current

impulse, the discharge falls into the quasi-steady mode

accompanied by the expansion of the near-cathode layer,

which is determined by the presence of an uncompensated

positive charge in the layer. The increase in the volume

occupied by plasma is accompanied by the increase in the

electric current and decrease in the voltage on the electrodes.

To get deeper insight into the development of the dis-

charge and dependence of the parameters of the quasi-steady

mode on the formation of the near-cathode layer (Ref. 13),

we have studied the influence of the initial distribution of the

space charge on the electrophysical characteristics of the dis-

charge after the breakdown in the atmospheric pressure

helium.

II. DISCHARGE MODEL

The calculation is based on the mathematical model of

plasma presented in Ref. 20. The state of electron and ion

components of plasma was calculated according to the conti-

nuity equations for electron density, electron volume energy

density, and continuity equation for the density of heavy par-

ticles. The drift-diffusion approximation was used to find the

vector of electron flux. The initial data on the densities of

electrons and ions were taken to calculate the electric field of

the discharge in view of the boundary conditions set by the

configuration of the electrical circuit shown in Fig. 1(a).

There is a power supply on the right in the electrical circuit

with voltage U0 which inputs to the discharge gap shown on

the left in the electrical circuit through resistance R.

Capacitor C is set parallel to the discharge gap to form a cur-

rent pulse.

The calculations were carried out under the following

parameters of the electric circuit: U0 ¼ �1500 V, R¼ 100,

200, and 300 kX, and C¼ 0 and 1 pF. The voltage U0 from

the power supply was input through the resistance R on the

flat cylindrical electrodes presented in Figs. 1(b) and 1(c).

The diameter of the electrodes is b¼ 6 mm, and the distance

between them is a¼ 1 mm. The figures demonstrate the ini-

tial distribution of the space charge of two types. In Fig.

1(b), the distribution corresponds to the electrically neutral

homogeneous plasma column of the cylindrical shape with

the diameter d¼ 0.2 mm and concentration of electrons and

ions ne ¼ ni ¼ 5� 1019 cm�3.20 The distribution simulates

the initial state of plasma after passing a positive streamer or

several spark breakdowns. Figure 1(c) illustrates the second

type of distribution corresponding to the electrically neutral

cylindrical layer in the near-cathode region with the diameter

d¼ 0.2 mm and height h¼ 0.08 mm and concentration of

charged particles ne ¼ ni ¼ 5� 1019 cm�3.20 This distribu-

tion simulates the initial state of plasma which may appear,

for example, after explosive processes and stain formation

on the cathode.13

The calculations were made by means of the finite-

difference method with the use of a rectangular grid shown

in Fig. 1(d) with the alternating linear size S of the elements.

In the near-cathode region, S¼ 0.002 mm, and in the central

region, S¼ 0.004 mm. The number of elements was selected

according to the sizes of plasma inhomogeneous areas deter-

mined by the length of the free path of electrons in

ionization.

The plasma collision scheme applied to the solution of

the continuity equations incudes the reactions presented in

Table I, where the temperature of electrons Te is given in

FIG. 1. (a) Electrical circuit of the dis-

charge; (b) and (c) geometry of the ini-

tial conditions of the discharge; (d)

grid of the finite-difference method.
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electron-volts and the temperature of gas Tg in Kelvins.

Reactions 1–3 describe the elastic collision of electrons with

gas atoms, integral excitation with the threshold value of

energy De ¼ 20 eV and ionization c De ¼ 25 eV. The calcu-

lations of the processes were carried out according to the

type of a cross-section and distribution of electrons between

energies f(e). Reactions 4–9 refer to the recombination of

charged particles. Reaction 10 demonstrates the formation of

molecular ion He2
þ.

The calculation of the transport characteristics of the

electron component was based on the data on the dependence

of electrons mobility leð�eÞ on their mean energy �e obtained

in the numerical solution of the Boltzmann equation for vari-

ous uniform electric fields. The type leð�eÞ is presented in

Fig. 2. The continuous part of the curve represents the data

obtained as a result of the numerical calculation, whereas the

dotted part of the curve shows the extrapolated values leð�eÞ
in the region of higher values �e.

The mobility of Heþ and He2
þ was taken from Ref. 23

and assumed to be 1.482� 10�3 m2/(V s) and 2.403� 10�3

m2/(V s), respectively.

The initial conditions of the discharge were selected

assuming that after the spark breakdown, a compensated

space charge appears, see Figs. 1(b) and 1(c). Capacitance C

is charged up to the value U0; the electric field between the

cathode and the anode is uniform, and its value is E¼ U0/
a¼ 1.5� 104 V/cm. Pressure P¼ 760 Torr and temperature

T¼ 300 K of gas were considered constant through the entire

time interval.

On the boundary of discharge plasma region, it was

assumed that the fluxes of charged and neutral particles per-

pendicular to the discharge auis turn zero The coefficient of

the secondary emission of electrons from the cathode under

the influence of ions was supposed to be c ¼ 0.4. The initial

energy of primary and secondary electrons was assumed to

be 4 eV and 1 eV, respectively.

III. CALCULATION RESULTS

Figure 3(a) illustrates time-dependences of the currents

Ib and Ic of the discharge, calculated for the initial conditions

of the space charge distributions according to Figs. 1(b) and

1(c) at R¼ 100 kX and � ¼ 0 pF. If � ¼ 0 pF, the curves of

current and voltage resemble each other. Figure 3 clearly

demonstrates the significant difference in the dynamics of

currents Ib and Ic at t< 10�8 s, which is determined by the

selection of the initial space charge distribution in the inter-

electrode gap. Under the equal space charge distribution in

the plasma column [Fig. 1(b)] between the electrodes, the

current Ib immediately differs from zero and increases by the

time t¼ 10�8 s with little dynamics. In the distribution of the

space charge shown in Fig. 1(c), at the initial moment of

time, there is no negative charge near the anode and Ib � 0 A

is absent. As the electrons move from the cathode to the

anode, their concentration grows.

Figure 3(b) shows the dynamics of the electric field E
near the anode caused by this process. From the moment

t¼ 1.5� 10�9 s, increasing the concentration of electrons

and electric field near the anode leads to a jump in the anode

current and starts fading after that. As Fig. 3 demonstrates,

TABLE I. Plasma collision scheme.

No. Reaction Velocity constant References

1 e þ He ¼> e þ He f(e) 21

2 e þ He ¼> e þ He* f(e), De ¼ 20 eV 21

3 e þ He ¼> 2�e þ Heþ f(e), De ¼ 25 eV 21

4 e þ Heþ ¼> He* 6.67 � 10�13Te
�0.5 cm3/s 22

5 2�e þ Heþ ¼> e þ He 7.8 � 10�38(Te/Tg)�4.4 cm6/s 22

6 e þ Heþ þ He ¼> He*

þ He

7.4 � 10�35(Te/Tg)�2 cm6/s 22

7 e þ He2
þ ¼> He* þ He 7.12 � 10�15(Te/Tg)�1.5 cm3/s 22

8 2�e þ He2
þ ¼> e þ He*

þ He

2.8 � 10�20 cm3/s 22

9 e þ He2
þ þ He

¼> He* þ 2�He

3.5 � 10�27 cm6/s 22

10 Heþ þ 2�He ¼> He2
þ

þ He

1.4 � 10�31(Tg/300)�0.6 cm6/c 22

FIG. 2. Dependence of electron mobility le on their mean energy �e in atmo-

spheric pressure helium.

FIG. 3. (a) Dependence of the discharge currents Ib and Ic on time t under

different initial conditions for R¼ 100 kX and � ¼ 0 pF. (b) Dependence of

the voltage of electric field E on time t near the anode corresponding to the

current Ic.
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the decrease in the electric current Ic is associated with the

change in dynamics of the electric field intensity near the

anode, which also starts fading as electrons move to the

anode. Then, the value of the electric field is set lower than

the original value due to the screening effect of the uncom-

pensated positive charge near the cathode. Similar calcula-

tions at � ¼ 1 pF also showed the difference in the dynamics

of electrical currents Ib and Ic shown in Fig. 4. It can be

clearly seen that in both cases, the current is impulse deter-

mined by the processes in the near-cathode layer (Ref. 20).

The current Ic lags behind Ib and there is a shear in the lead-

ing edge of the Ic pulse.

The differences in the distribution of the concentration

of electrons in Figs. 5(a) and 5(b) are caused by different ini-

tial conditions of the discharge development illustrated in

Figs. 1(b) and 1(c). Figure 5(a) corresponds to the original

distribution of the electrically neutral homogeneous cylindri-

cal column of plasma spread over the entire interelectrode

gap, whereas in Fig. 5(b), the electrically neutral plasma col-

umn is concentrated near the cathode only.

In Fig. 6(a), curves 1 and 2 show the distribution of the

concentration of the uncompensated charge along the

discharge radius in the middle of the interelectrode gap, cor-

responding to the data in Figs. 5(a) and 5(b). According to

the curves, the periphery of the discharge is occupied by the

uncompensated positive charge which creates a positive

radial component of the electric field strength shown in Fig.

6(b). The presence of this component of the electric field

along the plasma column limits the drift of electrons from

the plasma volume.

In Fig. 7, curves 1 and 2 illustrate the distribution of the

potential U on the discharge axis, corresponding to the initial

data in Figs. 5(a) and 5(b). The potential difference between

the cathode and the anode in these cases is �440 V and

�370 V. According to curves 1 and 2 in Fig. 7, by the time

t¼ 5� 10�8 s, the discharge corresponding to the initial con-

ditions in Fig. 1(c) flows at the lower electric field strength

in the region of the positive column (curve 2).

FIG. 4. Dependence of the discharge currents Ib and Ic on time t at different

initial conditions for R¼ 100 kX and � ¼ 1 pF.

FIG. 5. Distribution of the concentration of electrons ne in a space charge

for t¼ 5� 10�8 s at different initial conditions.

FIG. 6. (a) Distribution of the concentration n of the uncompensated charge

along the discharge radius at z¼ 0.5 mm. (b) Distribution of the radial com-

ponent of the electric field E along the discharge radius at z¼ 0.5 mm, corre-

sponding to the initial data: curve 1—Fig. 5(a) and curve 2—Fig. 5(b).

FIG. 7. Distribution of the potential U on the discharge axis: curves 1 and 2

correspond to the initial data in Figs. 5(a) and 5(b), respectively; curves 3, 4

and 5 correspond to t> 10�5 s for c¼ 0.4, R¼ 300 kOm, c¼ 0.4,

R¼ 200 kOm, c¼ 0.1, R¼ 100 kOm, respectively.
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The uncompensated positive charge in the near-cathode

region leads to its expansion.20 The increase in the volume

occupied by the discharge at t> 10�7 s is accompanied by

the increase in the electric current and decrease in the poten-

tial difference between the electrodes (Figs. 3 and 4). The

magnitude of the longitudinal component of the electric field

decreases both in the near-cathode layer and in the positive

column, where it is much less.

As the calculations showed, at t> 10�5 s, the expansion

of the discharge volume stops and it becomes quasi-steady.

The type of a quasi-steady discharge depends on the selected

initial distribution of the concentration of charged particles

and value of capacitance C. For a quasi-steady mode of the

discharge, Figs. 8(a) and 8(b) describe the calculated distri-

bution of the concentration of electrons in the discharge vol-

ume for R¼ 300 and 200 kX at the coefficient of secondary

emission c ¼ 0.4. Figures 9(a) and 9(b) represent the similar

distribution for R¼ 100 kX and c ¼ 0.4 and 0.1. The

distribution of the potential along the discharge axis for Figs.

8(a), 8(b), and 9(b) is shown in Fig. 6 with curves 3, 4, and

5, respectively. For these curves, the potential difference

between the electrodes makes up 270, 270, and 360 V, and

the discharge current is 4.1 mA, 6.2 mA, and 11.4 mA. For

Fig. 9(a), the potential difference between the electrodes is

270 V and the discharge current is 12.5 mA.

According to the results, within the quasi-steady mode

of the discharge with c ¼ 0.4, when R decreases, the radial

size of the near-cathode region increases along with the elec-

tric current of the discharge, whereas the potential difference

between the electrodes remains the same. Curves 3, 4, and 5

in Fig. 6 show that in the quasi-steady mode, the distribution

of the potential U in the region of the positive column is the

same for the specified cases. Figure 9(a) shows that at

R¼ 100 kX, due to the expansion of the near-cathode layer,

its destruction occurs in the central region of the discharge.

According to Fig. 5, curve 5, and Fig. 9(b), a decrease in c to

0.1 leads to an increase in the voltage between the electrodes

and the recovery of the near-cathode layer.

For R¼ 100 kX and c ¼ 0.4, Fig. 10(a) shows the distri-

bution of the potential U in the near-cathode region

(z¼ 0.98 mm) along the radius r for t¼ 5� 10�8 s, corre-

sponding to the stage of its expansion, and for t> 10�5 s,

which is a quasi-steady stage of the discharge. Figure 10(b)

presents the distribution of the normalised per unit of the

concentration of the uncompensated positive ni charge along

r at z¼ 0.98 mm for the same moments in time. According to

the type of U for t¼ 5� 10�8 s in Fig. 10(a), at the stage of

the discharge expansion, the radial component of the electric

FIG. 8. Distribution of the concentration of electrons in the quasi-steady

mode of the discharge: (a) at R¼ 300 kX and c ¼ 0.4 and (b) at R¼ 200 kX
and c ¼ 0.4.

FIG. 9. Distribution of the concentration of electrons in the quasi-steady

mode of the discharge: (a) at R¼ 100 kX and c ¼ 0.4 and (b) at R¼ 100 kX
and c ¼ 0.1.

FIG. 10. (a) Distribution of the potential at z¼ 0.98 mm along the discharge

radius r for t¼ 5� 10�8 s and t> 10�5 s. (b) Distribution of the normalised

per unit of concentration of the uncompensated positive charge ni at

z¼ 0.98 mm along r for t¼ 5 � 10�8 s and t> 10�5 s.
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field in the entire near-cathode region is positive and dramat-

ically increases towards its periphery contributing to the dis-

charge expansion. When the discharge goes into the quasi-

steady mode, the central region of the near-cathode region

sees the decrease in the concentration of the uncompensated

positive charge ni [Fig. 10(b)]. As it can be seen in Fig.

10(a), for t> 10�5 s, it leads to changes in the U distribution

along r, corresponding to the emergence of a negative radial

component of the electric field in the central region of the

near-cathode layer. The component disappears towards the

discharge axis and its periphery. In the region r¼ 0.4 mm,

the radial component turns zero. As r grows, it becomes pos-

itive. Thus, in the transition to the quasi-steady stage, the

peripheral region of the near-cathode layer ends up in the

radial electric field changing the sign, which prevents the

expansion of the volume occupied by the discharge. It can be

seen in Fig. 11(a) that, in the quasi-steady mode of the dis-

charge, in transition to the centre of the interelectrode gap

(z¼ 0.5 mm), the uncompensated charge near the discharge

axis becomes negative. As r grows, it becomes positive. The

radial component of the electric field in this case [Fig. 11(b)]

behaves similarly to the field in the near-cathode region,

where it changes its direction as r grows.

IV. CONCLUSION

This paper considers the numerical modelling with the

use of a 2D-axial symmetric model and study on the low-

temperature glow discharge plasma in the atmospheric pres-

sure helium after the spark breakdown and dependence of

the discharge on the initial conditions and parameters of the

external electric circuit.

The numerical calculations showed that setting the ini-

tial conditions of the distribution of the space charge both as

a homogenous column in the entire interelectrode gap and as

a narrow layer near the cathode leads to the development of

a discharge with further transition to the quasi-steady mode

with similar electrophysical characteristics. The comparative

analysis of these calculations showed that the presence of a

thin layer of an excess charge near the cathode manifests

itself in the form of a sharp change in the electric current

caused by the arrival of an electron avalanche from the cath-

ode to the anode. It is shown that the initial distribution of

the concentration of charged particles in the form of a homo-

geneous plasma column between the electrodes further limits

the speed of its expansion. The transition of the discharge to

the quasi-steady mode is accompanied by the termination of

the expansion of the discharge channel caused by the change

in the sign of the radial component of the vector of the elec-

tric field intensity with the increase in the distance from the

discharge axis. The increase in the discharge current at the

same difference of the potentials between the electrodes

occurs due to the increase in the volume occupied by the dis-

charge when the parameters of the electric circuit change. As

the coefficient of the secondary emission of electrons from

the cathode decreases, the near-cathode potential drop

increases. The distribution of the potential in the region of

the positive column along the discharge axis does not

change. The increasing electrical field strength in the near-

cathode region contributes to the maintenance of the dis-

charge at the lower coefficient of the secondary emission due

to the increase in the electric field and concentration of posi-

tively charged particles.

According to the calculations, after the spark break-

down, at the initial stage of discharge, the uncompensated

positive charge and larger longitudinal component of the

electric field intensity form in its volume. In the transition to

the quasi-steady mode of the discharge, when the radial com-

ponent of the electric field intensity prevails, plasma

becomes more electro-neutral.
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