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Abstract—Gas-filled plasma closing switches (PCSs) are 
essential components of high energy density pulsed power systems, 
used to generate short, high-power (10s MW to several GW) 
impulses. In practical applications, PCSs are required to operate 
in high current (10s kA), high voltage (10s-100s kV) regimes, to 
produce fast-rising ns and sub-ns HV impulses. The transient 
impedance of a PCS affects the rise time of the generated impulses 
and the power delivered to the load. Thus, design and optimisation 
of PCSs require detailed information on the dynamic plasma 
resistance.  

The present paper is focused on an investigation of the time-
dependent resistance of the plasma channel(s) formed between the 
electrodes of a multi-electrode PCS. Experimentally-measured 
underdamped current and voltage waveforms were used to obtain 
the transient plasma resistance of the PCS. The PCS was filled 
with different gases: dry air, CO2, N2 and a 90%/10% Ar/O2 
mixture, in the pressure range from 0 bar up to 10 bar (gauge). It 
was found that the plasma resistance drops rapidly from a few 
hundreds of Ohms to a few hundreds of milli-Ohms due to the 
Joule heating of the breakdown channel. The methods proposed 
by Braginskii and Kushner to model the transient post-breakdown 
resistance were used to obtain analytical plasma resistances for all 
of the gasses. These resistances have been compared with the 
transient resistance obtained using a Kirchhoff analysis of the 
lumped-element, post-breakdown RLC circuit. Based on this 
comparison, the suitability of the chosen analytical methods to 
determine the transient breakdown resistance in gases is 
discussed. The obtained results will help in optimisation of the 
operational performance of PCSs filled with environmentally-
friendly, low environmental impact gases.  
 

Index Terms— Plasma closing switch; plasma channel; 
transient plasma resistance 

 
 

I. INTRODUCTION 
ransient spark discharges in gases have found multiple 
practical applications in modern power and pulsed power 
high voltage systems. In particular, gas-filled plasma 

closing switches (PCS), one of the critical components of many 
practical pulsed power systems, are based on gas breakdown, 
and the formation of a conductive plasma channel between the 
electrodes of the switch. PCSs are employed in different pulsed 
power systems and machines, such as linear transformer drivers  
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(LTDs), [1], Marx generators for Z-pinches, [2], apparatuses for 
the generation of ultra-wide band electromagnetic impulses, 
[3], and generators of high voltage impulses for biomedical and 
environmental applications, [4]. Over the past several decades, 
a significant variety of different topologies of gas-filled PCSs 
has been developed, and their operational characteristics have 
been investigated and reported, [5]. However, there is still a 
need for further characterisation of the operational performance 
of PCSs, which will assist in the design and optimisation of 
pulsed power systems. One such parameter that requires further 
characterisation and investigation, in order to realise optimal 
performance of pulsed power machines in specific practical 
applications, is the dynamic resistance of the spark/plasma 
channel developed in the gas-filled spark gap during the 
switching operation.  

The dynamic resistance of the plasma channel may affect the 
rate of voltage collapse across the switch during its closure, [6]; 
the rate of energy deposition and the total energy deposited into 
the spark gap, the energy losses during the switching process, 
and electrode erosion, [7]. Typically, in switching operations, it 
is desirable to minimise the spark gap resistance, in order to 
increase the efficiency of the energy transfer, and to reduce the 
power loss in PCSs.  

Also, in the case of fast switching operations, it is crucial to 
minimise the closure time of PCSs, [8], i.e. the time required 
for the plasma in the breakdown channel to become highly 
conductive. During this thermal process, the resistance of the 
plasma channel drops to its minimum value, which corresponds 
to the resistance of the conductive, post-breakdown plasma 
channel formed in the switch. Typically, in order to enable 
efficient operation of a pulsed power system, the transient time 
during which the resistance of the spark channel reduces to its  
minimum value should be as short as possible, and can be 
shorter than ⁓1 ns, [9]. 

Thus, the time-dependent, post-breakdown resistance is one 
of the important parameters that defines the operational 
performance of PCSs and thus underpins the operational 
characteristics of pulsed power systems in general.  

The transient resistance of spark channels in gases has been 
investigated over many decades, starting with pioneering works 
by Toepler, [10], Rompe and Weizel, [11], and Braginskii, [12]. 

In Toepler’s empirical model, the resistance of the plasma 
channel is directly proportional to the product of Toepler’s 
coefficient and the length of the spark, and inversely 
proportional to the integral of the spark current. Toepler’s 
coefficient is specific to each gas type, and can be obtained by 
fitting the calculated resistance to experimentally-measured 
values.  
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Both the Rompe-Weizel and Braginskii models are based on 
the energy balance in the spark/plasma channel. In the Rompe-
Weizel approach, it is assumed that the internal energy of the 
plasma is divided into two main components, the ionisation 
energy and the kinetic energy of electrons, with the latter 
equating to the energy delivered into the plasma channel 
through Joule heating. Thus, the dynamic resistance of the spark 
channel can be obtained, [11]. In the Braginskii approach, it is 
assumed that the energy delivered into the plasma channel 
through Joule heating is parted into the internal energy of the 
plasma and the work done by the expanding plasma channel, 
which has a constant internal pressure and drives a shock wave 
into the surrounding gas. Assuming that the pressure at the 
plasma-gas interface is proportional to the squared velocity of 
plasma channel expansion, the time-dependent radius and the 
resistance of the spark channel can be obtained.  

Following these models, Kushner et al., [13], developed an 
analytical approach, assuming that the plasma in the spark 
channel is in local thermodynamic equilibrium, and the plasma 
conductivity is proportional to the plasma temperature raised to 
the power 3/2. Also, it was assumed that the plasma channel 
expands hydrodynamically, thus, if the time-dependent plasma 
channel radius is known, the dynamic resistance of the 
spark/plasma channel can be obtained.  

Akiyama et. al, [14, 15], Engel et al., [16], and Greason, [17], 
also investigated the resistance of breakdown spark channels in 
different gases, and developed several methodologies to obtain 
the transient resistance of the spark discharge channel using 
experimental breakdown current and voltage waveforms. 
Despite these advances in the analysis of the transient resistance 
using the experimental waveforms, there were problems with 
derivation of the time-varying plasma channel resistance, 
attempted based on measurements of the voltage drop across 
the switch and the transient current through the switch, due to 
difficulties in separation of the resistive and inductive 
components of the switch impedance, [18].  

Different approaches to this problem have been explored. In 
[25], the inductive voltage drop was obtained based on the 
estimated inductance of the switch used in this work. In [13], 
the time-dependent resistance of spark-gaps was obtained by 
using a microwave measurement technique, which requires 
information on the characteristic resistance of the transmission 
line and the inter-electrode capacitance. In [20], the post-
breakdown circuit, including the plasma closing switch, was 
modelled as a lumped-element RLC circuit, and the dynamic 
resistance was obtained based on a Kirchhoff analysis of this 
circuit. However, this approach requires detailed information 
on the circuit parameters, including inductance and, if 
applicable, the capacitance of the individual circuit elements. In 
many cases, it is problematic to obtain accurate values of these 
parameters and estimates have to be used. Nevertheless, this 
approach can provide a straightforward evaluation of the 
dynamic post-breakdown resistance. Therefore, in order to 
establish a reliable method of analysis of the plasma channel 
resistance in PCSs, the different models and approaches must 
be evaluated and compared. This analysis can help in further 
development and optimisation of advanced, gas-filled plasma 
closing switches for pulsed power applications. 

In the present paper, a direct method and two analytical 
approaches to obtaining the post-breakdown plasma resistance 

have been used in analysis of the transient spark resistance.  
The direct method of obtaining the transient plasma 

resistance is based on the RLC lumped-element model of the 
post-breakdown circuit; this circuit model includes the elements 
of the pulse driving circuit and the plasma closing switch. By 
applying Kirchhoff's voltage law to this circuit, the equation for 
the transient post-breakdown resistance has been derived, and 
can be resolved from experimental current waveforms. 

An analytical model that combines the hydrodynamic 
parameters of the spark channel at breakdown and the lumped 
circuit parameters of the pulse driving circuit has also been 
developed in the present study. This model takes into account 
the hydrodynamic radius of the expanding post-breakdown 
plasma channel based on the Braginskii approach [12], which 
is used to calculate the resistance of the post-breakdown plasma 
channel. 

Another analytical approach used in the present paper is 
based on the phenomenological equation for the transient spark 
resistance at breakdown provided in [13] (Kushner’s approach), 
which also requires information from the measured current 
waveform, and on the hydrodynamic radius of the spark 
channel. 

All three methods were used to obtain the transient resistance 
of the plasma channel(s) in the PCS reported in [21], when filled 
with different gases: dry air, CO2, N2 and a 90%/10% Ar/O2 
mixture, in the pressure range from 0 bar (gauge) up to 10 bar 
(gauge). Using the experimental datasets obtained and 
presented in [21], direct calculation of the time-dependent 
plasma resistance was conducted using Kirchhoff’s approach. 
The plasma resistance values were also obtained using two 
analytical approaches: the Braginskii model, based on the 
transient radius of the plasma channel; and the modified 
Kushner approach, in which the analytical radius of the channel 
and the experimental breakdown current waveforms were used.  

These approaches have mainly been used for modelling of 
the transient plasma resistance in the case of overdamped 
current oscillation in the circuit. However, in some practical 
cases, for optimisation of the operational characteristics of 
pulsed power switches, it is required to have detailed 
information on the dynamic behaviour of the plasma channel 
resistance in the case of underdamped current oscillation in the 
post-breakdown circuit. To address this issue, in the present 
paper, the applicability of both, Braginskii and Kushner, 
approaches to the underdamped transient process is investigated. 
The analytically-obtained dynamic plasma channel resistances 
were compared with the directly-obtained plasma channel 
resistances. 

 The analysis of the results produced by these methods allows 
for the evaluation of the applicability of the different models to 
obtain the transient post-breakdown resistance, and for the 
optimisation of the design and operational parameters of PCSs.   

 

II. EXPERIMENTAL SETUP 
The present study continues the work reported in [21], in 

which a multi-electrode plasma closing switch was designed 
and developed, and its self-breakdown characteristics were 
obtained for the gases and pressure range detailed in Section I. 



IEEE TRANSACTIONS ON PLASMA SCIENCE, 2021, Digital Object Identifier 10.1109/TPS.2021.3053097 3 

The main focus of the present paper is the investigation of the 
post-breakdown parameters of this PCS.  

A schematic diagram of the high voltage experimental setup 
used is given in Fig. 1.  
 

 
Fig. 1. Schematic diagram of the experimental setup. 
 

An HV output of a Glassman high voltage dc power supply 
was connected to a 1 MΩ charging resistor, Rch. The voltage 
output from the dc power supply was controlled using 
LabVIEW code, via an RS-232 interface. This power supply 
was used to stress the upper plane electrode of the PCS, and to 
charge an 80 nF capacitor, C0, which was connected in parallel 
with the switch. The total inductance of the circuit is 
represented in Fig.1. by an inductor L0. The post-breakdown 
circuit could be represented by a lumped RLC circuit, the total 
resistance of the discharge circuit includes  the time dependent 
resistance of the PCS, Rs(t), and resistance R0 which is the sum 
of the resistance of circuit components, Rc and  the resistance of 
the current shunt, Rsh: R0 = Rc+Rsh. .   

The plasma closing switch consists of two main, high voltage 
and ground, plane electrodes, and a central ring electrode, 
which has four sharp needles on each side. The central electrode 
of the switch with the corona discharge needles was at a floating 
potential. This plasma closing switch was described in detail in 
[21].  

The breakdown voltage was obtained by using a NorthStar 
PVM-5 high voltage probe (80 MHz bandwidth, 400 MΩ input 
resistance, and 12 pF input capacitance) with 1000:1 division 
ratio. The PVM-5 probe was connected to the upper plane HV 
electrode and provided the voltage drop, V(t), across the PCS, 
Fig.1. The transient current was obtained using a tubular low-
inductance current shunt (Samtech Ltd, Scotland), Rsh, Fig.1. 
The voltage drop across the current shunt, Vsh(t), was used to 
obtain the post-breakdown current in the circuit: 
I(t) = Vsh(t)/Rsh..  All waveforms were acquired using a 
Tektronix TDS 3050 digitising oscilloscope (500 MHz 
bandwidth, 5 GS/s sampling rate). 

The gas control system used in the present work to manage 
the gas environment in the PCS included a gas distribution 
board, a rotary vacuum pump to evacuate the switch prior to 
filling it with a fresh portion of gas, and a digital pressure 
controller, Alicat PC-1500PSIG-D, to set and control the 
pressure in the switch.  

 

III. ANALYTICAL MODELLING 
The transient pre-breakdown phase of the spark discharge 

process is completed by the formation of a conductive plasma 
channel between the energised and grounded electrodes. During 
the formation of the plasma channel, the resistance of the air 
gap between the electrodes drops significantly over a very short 
time, typically a few ns. After the formation of the plasma 
channel bridging the inter-electrode gap, a conductive current 
starts to flow through this channel resulting in its intensive 
Joule heating and thermalisation. Thus, the resistance of the 
plasma channel decreases rapidly during the first quarter-cycle 
of the underdamped current waveform, and reaches a minimum 
when the current through the channel is at its maximum. 
Therefore, the post-breakdown dynamic resistance of the 
plasma channel in the PCS is governed by the post-breakdown 
oscillation of the electrical charge in the circuit. 

As discussed in Section I, there are several approaches aimed 
at modelling the dynamic behaviour of the post-breakdown 
resistance. The Toepler model, [10], is a phenomenological 
model which links the current in the post-breakdown circuit and 
the plasma resistance. The phenomenological nature of this 
approach limits its practical applications. The Rompe-Weizel 
[11] and Vlastós [22] models are based on the energy balance 
equation for the plasma channel, with a fixed plasma channel 
radius and varying plasma conductivity.  

However, a comparison of transient spark resistances 
obtained experimentally and by different analytical methods, 
conducted in [16], demonstrated that the Braginskii and 
Kushner models of spark resistances provide the best fits 
between the experimental and analytical values.   

The Braginskii model, [12], is based on the energy balance 
equation for the plasma channel, and assumes that the plasma 
conductivity in the channel remains constant during the 
transient post-breakdown process, with changes in resistance 
due only to the hydrodynamic expansion of the plasma channel. 
The time-dependent spark channel radius obtained by the 
Braginskii approach shows a good agreement with the 
experimental data, [23]. Kushner’s model of the plasma channel 
resistance, [13], is based on the assumptions that: 1) the plasma 
conductivity is proportional to its temperature raised to the 
power 3/2 (the Spitzer conductivity); 2) the channel expands 
hydrodynamically  (“snowplow” model) and its initial cross-
section is proportional to the degree of over-voltage raised to a  
specific power. This model was used to obtain the transient 
resistance of spark discharges in selected gases, including dry 
air, Ar, N2 and SF6 [15].   

In Section III, the Braginskii and Kushner approaches were 
applied to the underdamped transient process, and the 
analytically-obtained transient plasma channel resistances were 
compared with the resistances obtained using the direct method, 
based on the application of Kirchhoff’s voltage law to the 
lumped-element model of the post-breakdown circuit.  

A. Braginskii Model for the Plasma Channel Radius 
The Braginskii model, [12], describes the dynamics of the 

expanding plasma channel during the energy deposition stage, 
when the conduction current flows through the plasma channel. 
This model assumes that, as current flows through the plasma 
channel, the Joule heating of the plasma results in a rapid 
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increase in temperature and pressure within the channel. Thus, 
the channel expands and drives a strong shock wave into the 
surrounding gas. 

The plasma channel expands and its radius increases (to 
simplify the notations, the time-dependent radius of the channel 
is given as 𝑎,  i.e. 𝑎 ≡ 𝑎(𝑡)).  In the Braginskii model, 
according to [10], 𝑎 is given by: 
 

𝑎2 = (
4

𝜋2𝜌0𝜉𝜎
)

1
3

∫ 𝐼(𝑡)
2
3

𝑡

𝑡0

𝑑𝑡 (1) 

 

where  is the electrical conductivity of the plasma-filled 
channel, 𝜌0 is the gas density (this model assumes that  and 
𝜌0  have constant values during the energy deposition stage); 𝜉 
is a constant which depends on the gas properties - it is related 
to the effective ratio of specific heats, 𝛾, assuming  that the 
plasma in the breakdown channel can be considered to satisfy 
the ideal gas approximation. According to [25], 𝛾 = 1.25 for 
common gases such as air and N2. An expression for 𝜉 was also 
obtained in [12]: 

 

𝜉 = 𝐾𝑝 (1 +
1

𝛾 − 1

1

�̇�2
(�̈�𝑎 + �̇�2)) ≅ 𝐾𝑝

𝛾

𝛾 − 1
(2) 

 

Braginskii assumed that 𝐾𝑝 = 0.9, thus, for air and nitrogen, 
𝜉 = 4.5; in the case of CO2 and the Ar/O2 mixture tested herein, 
𝜉 values are 6.9 and 2.26, respectively.  

In the Braginskii approach, it is postulated that the 
conductivity of plasma is constant during the whole transient 
process. Although it is known that the plasma conductivity can 
vary during the transient current oscillation in the breakdown 
channel, it was shown in [12, 25] that these variations are not 
significant and the plasma conductivity used in (1) could be 
considered as being constant. 

 If the time varying radius, a, of the cylindrical plasma 
channel is known, the time-dependent resistance of this 
channel, RsB(t), obtained by the Braginskii approach, is given 
as:  

𝑅𝑠𝐵(𝑡) =
𝑙

𝜎𝜋𝑎2
(3) 

where 𝑙 is the length of the plasma channel. Inspection of (1) 
and (3) leads to the conclusion that at time moment, t0, the 
plasma channel radius is a0, and the plasma channel resistance 
is RsB(t0) - t0 is the time at which the full conduction current 
starts to flow through the plasma channel. It was found in the 
present study that the initial value of a0 has little effect on the 
plasma channel resistance at the later stage of the transient 
process. Thus, the behaviour of RsB(t) obtained by the 
Braginskii approach is not sensitive to the initial radius of the 
breakdown channel. 

The conductivity of the plasma channel,   which is required 
for calculation of the plasma resistance, (3), can be obtained 
using the Spitzer model, which links the electronic density and 

the electrical conductivity of the plasma, [26]. The electronic 
densities in transient spark discharges in air, nitrogen, carbon 
dioxide and argon, in experimental conditions similar to those 
in the present paper, were obtained in [27], [28], [29] and [30], 
respectively. It was shown that the electronic density in such 
transient plasma discharges is ⁓ (1022 - 1023) m−3. Based upon 
these values of the electronic densities in the transient spark 
discharges, the plasma channel conductivity was estimated, and 
a nominal fixed value of 5000 S/m was used in the calculations 
performed in the present work. Specific values of the electronic 
density and plasma conductivity for transient spark discharges 
developed in different gases, and using different electrical 
driving circuits, can be obtained using optical emission 
spectroscopy methods. 

 

B. The Kushner Model for Plasma Resistance  
The Kushner model for the dynamic resistance of the plasma 

breakdown channel, [16], assumes that the plasma in the 
breakdown channel is in local thermodynamic equilibrium 
during its expansion phase. This approach helps to overcome 
limitations of the Spitzer model, which postulates a high degree 
of ionisation in the spark channel. The Kushner equation for the 
time-dependent resistance of the plasma channel was obtained 
and discussed in [16, 31, 32]:  

 

𝑅𝑠𝐾(𝑡) = 𝛽𝐾𝑙 (
𝑝3

𝐴(𝑡)2𝐼(𝑡)6
)

1
5

(4) 

 
where 𝑙  is the length of the plasma channel (in m); 𝑝 is the 
initial ambient gas pressure (in Pa); 𝐴(𝑡) = 𝑎2 is the spark 
channel cross-sectional area (in m2), calculated using 
Braginskii’s equation (1); 𝐾 is a constant; and the coefficient  
relates to field non-uniformity. For a point-plane topology,  is 
defined as the ratio between the “average” field in the gap  
which can be calculated as “applied voltage divided by the gap 
distance” and the maximum field at the point electrode.    

Values of K were obtained in [16] and [31] for a quasi-
uniform electric field, and found to be ~24.7. However, as the 
electric field in the switch tested herein is highly divergent due 
to the presence of the needle electrodes, the coefficient  was 
used in (4) to account for such field non-uniformity. In [32], it 
was found that  is proportional to El/p, where E is the electrical 
field strength at breakdown. In [21],  was derived for the 
inhomogeneous field in the PCS topology by field simulations 
and was found to be 1/11. Thus, the product of K and  is 
~2.25 for the present switch topology. 

 

C. The RLC Post-Breakdown Circuit Model 
When a final, breakdown plasma streamer bridges the inter-

electrode gap, the full conduction current starts to flow through 
this plasma channel, resulting in its fast Joule heating. The post-
breakdown circuit, which includes the plasma channel and the 
pulse driving circuit, can be described using a lumped-element 
RLC equivalent circuit. An equation for the time-dependent 
spark resistance, Rs(t), can be obtained by resolving Kirchhoff’s 
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equation for this RLC equivalent circuit. This equation for Rs(t) 
is given as: 

 

𝑅𝑠(𝑡) =
1

𝐼(𝑡)
{𝑉𝑡ℎ − 𝐿0

𝑑𝐼(𝑡)

𝑑𝑡

−
1

𝐶0

∫ 𝐼(𝑡)𝑑𝑡
𝑡

0

− 𝑅0𝐼(𝑡)} (5)

 

 

where 𝑉𝑡ℎ  is the voltage across the plasma channel at the 
moment at which the plasma becomes thermalised; 𝐼(𝑡) is the 
transient current in the circuit; and C0, L0, and R0 are the 
equivalent circuit capacitance, inductance and resistance, 
respectively, Fig.1.  

In the present experimental system, the value of the 
capacitance, C0 is 80 nF, and the total value of the circuit 
inductance, L0, is 850 nH. This value of L0 was calculated 
using analytical equations provided in [22], with topological 
parameters obtained from the experimental set-up.  

The equivalent circuit resistance, R0, was obtained using the 
transient current oscillation in the circuit with no PCS, i.e. in 
the short-circuit regime. After measuring the experimental 
short-circuit current waveform, R0 was obtained by fitting an 
exponentially-decaying sinusoidal oscillation to the short-
circuit waveforms. Ten independent short-circuit current 
waveforms were used in this procedure, yielding 0.35  as an 
average value of R0, with a standard deviation of 0.02 .  

The inductance of the spark channel was evaluated using an 
equation provided in [24], and it was found that this inductance 
(a few nH) is significantly lower than L0. Thus, the time-
dependent inductance of the spark channel was neglected in the 
present work. The capacitance of the plasma channel (the 
capacitance formed by the plasma channel and the grounded 
elements of the switch/pulsed power circuit, [33]) can also be 
neglected, as it is significantly lower than the capacitance of the 
energy storage capacitor in the pulse driving circuit, C0.  

 

IV. RESULTS 

A. Breakdown Voltage and Post-Breakdown Current 
Breakdown voltage and post-breakdown current waveforms 

were obtained for the PCS, when filled with all investigated 
gases over the pressure range from 0 to 10 bar, in 1 bar 
increments. In each test, the breakdown voltage and current 
waveforms were obtained and recorded for 10 consecutive 
breakdown events, without changing the gas in the PCS. The 
typical waveforms for air at 6 bar are shown in Fig. 2. 

When a breakdown occurs, the voltage collapses from the 
(pre-)breakdown value, Vbr, to its value across the thermal 
plasma channel, Vth. At this moment, the conduction current 
starts to flow through the plasma, resulting in current and 
voltage oscillations, due to the underdamped behaviour of the 
RLC circuit. The duration of the first quarter-cycle of the 
current oscillation (time to the first current peak) is  450 ns, 
Fig. 2. It should be noted that Vbr values were reported in [21] 
for all tested gases in the present  PCS. 

 

 
Fig. 2. The current and voltage waveforms of spark breakdown in air at 6 bar. 
 

B. Dynamic Radius of the Plasma Channel 
The time-dependent plasma channel radius was calculated by 

numerically solving (1), using the experimental post-
breakdown current waveforms. Fig. 3 shows an example of the 
calculated plasma channel radius during the whole period of the 
current oscillation for dry air at 1 bar. 

As can be seen from Fig. 3, the spark channel plasma radius 
increases rapidly during the first half-period of the current 
oscillation, and tends to increase with a slower rate after several 
current oscillations. This dynamic behaviour of the plasma 
channel formed in air is confirmed by the optical experimental 
observations reported in [23, 34].  

The time-dependent plasma channel radius for all tested 
gases over the experimental pressure range has been calculated. 
At any particular gas pressure condition, 10 current waveforms 
were obtained and the data for these waveforms was averaged. 
This average waveform was then used in to calculate the time 
dependent radius using (3).  

 

 
Fig. 3. The plasma channel radius- obtained by (3) for spark breakdown in dry 
air at 1 bar, solid line.  Post-breakdown current wave-form is shown as a dashed 
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line. Points of inflection in the plasma channel radius correspond to current zero 
events.   

Examples of these radii for N2 and the Ar/O2 mixture for time 
intervals shorter that the first half-cycle of the current 
oscillation are presented in Fig. 4.  

 

 
 Fig. 4. Calculated time-dependent plasma channel radius for N2 and the 

Ar/O2 mixture at different gas pressures.  

Fig. 5 presents a cumulative figure for plasma radii in all 
tested gases, which demonstrates the time-dependent plasma 
radii as functions of the gas pressure at a specific time after 
breakdown, 900 ns.  

 

Fig. 5. Calculated plasma radius at 900 ns after breakdown as a function of the 
gas pressure, for all tested gases. 

 

It can be seen that plasma radii increase with an increase in 
the gas pressure. This may be due to the higher breakdown 
voltages at higher pressures, resulting in more energy being 
delivered into the plasma channel, which will lead to greater 
Joule heating in the plasma and channel expansion. The 
calculated channel radii for air and CO2 behave similarly and 
they are not shown here. 

At time ~900 ns, the analytically-obtained current reaches its 
first maximum in all gases, as the frequency of current 
oscillations is mainly dictated by the circuit capacitance and 
inductance in this model. In general, all gases show a linear 
increase in the time-dependent plasma radius as the gas pressure 
increases. As can be seen from Fig. 5, dry air has the largest 
radius of the plasma channel amongst all tested gases (at the 
same gas pressure), followed by CO2 and N2, while the Ar/O2 
mixture has the lowest radius under the same conditions. The 
calculated plasma channel radius shows a functional 
dependency on the gas pressure similar to the functional 
dependency of self-breakdown voltage on the gas pressure 
obtained in [21]. This can be explained by the higher energy 
delivered into the plasma channel at higher pressure in the PCS 
(higher breakdown voltage), resulting in the fast expansion of 
the plasma channel. 
 

C. Time-Dependent Resistance of the Plasma Channel 
The main focus of the present work is on the investigation of 

the time-dependent plasma resistance in the breakdown 
channel. The time-dependent plasma resistance has been  
obtained using three different approaches: I) by direct 
calculation of RS(t) using Kirchhoff’s equation (5) and data 
from experimental current waveforms; II) using the Braginskii 
approach to calculate the transient radius of the plasma channel, 
which is then used to obtain the resistance of the cylindrical 
plasma channel by (1) – (3); III) using Kushner’s approach (4), 
with experimental current waveforms and the radius of the 
channel obtained by the Braginskii equation (1).  

Initial solutions of Kirchhoff’s equation (5) produced a 
relatively “noisy” form for RS(t), due to noise in the 
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experimental current wave-forms. To minimise this effect, 
current waveforms were pre-processed in MATLAB to reduce 
the noise content before their use in (5): the de-noising 
procedure included filtering the current waveforms using a 
fourth-order low-pass digital Butterworth filter.  

Fig. 6 shows an example of the resistance of the plasma 
channel in air at 1 bar, obtained using all three methods. The 
transient resistance of the plasma channel obtained by (5) is 
shown in Fig. 6 as a solid line. The transient resistances 
obtained by both Braginskii’s and Kushner’s models for the 
same conditions are also shown in Fig. 6 as dot-dashed and 
dashed lines, respectively. 

 

 
 

 
 

Fig. 6. The plasma channel resistance for air at 1 bar; (a) Calculated time-
dependent plasma resistances for breakdown channel during several current 
oscillations; (b) Zoomed-in view of plasma resistance obtained by different 
methods during the first half of current oscillation.  

 

The plasma channel resistances obtained by all methods 
show a fast decay during the initial stage of the transient 
process, i.e. during the first quarter of the current oscillation. 
There is a good agreement between the Braginskii model, the 
Kushner model, and the data from solutions to Kirchhoff’s 
equation. In Fig 6(b), it can be seen that the plasma resistance 
reduces to below 200 m.  

However, after this initial stage, the resistance predicted by 
the Braginskii model continues to fall, while the solution to 
Kirchhoff’s equation indicates that the resistance of the channel 

starts to increase as the current flowing through the channel 
decreases. The Kushner model follows the behaviour of the 
Kirchhoff solution closely over the next half-period of the 
current oscillation, until the second minima in the channel 
resistance. After this time, the channel resistance from the 
Kushner model shows a similar periodicity to that obtained by 
solving Kirchhoff’s equation, but predicts much lower values 
for the successive minima in the values of RS(t).  

In many practical pulsed power applications, only the first 
quarter of the current oscillation is considered to be important. 
As can be seen from Fig. 6(b), all three approaches provide 
similar functional behaviour of the transient resistance during 
this time interval. This close correlation for the three 
approaches was observed for every gas, and at every tested 
pressure. The plasma resistance reaches its minimum value at 
the first quarter of the current oscillation, when the current in 
the spark channel reaches its maximum. The minimum values 
of the spark resistance were obtained for all investigated gases, 
for air, N2, CO2 and the Ar/O2 mixture, using all three models. 
These minimum resistances were obtained as average values for 
10 breakdown events, and are shown in Fig. 7 as functions of 
the gas pressure. 

Inspection of the results provided in Fig. 7 demonstrates that 
there is no significant difference in the minimum values of the 
time-dependent resistance of spark channels in these gases. It 
was found that the minimum resistance of the spark channel for 
all investigated gases significantly decreases with an increase 
in the gas pressure in the PCS. 
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Figure 7. Minimum resistance at the first ¼ of the current oscillation for all 
investigated gases. 

 
Fig. 8 shows the obtained minimum plasma resistance for all 

tested gases as a function of the peak current. Each point in this 
graph was calculated as the average value of the resistance 
obtained by all three methods. The minimum resistance 
decreases with an increase in the peak current in the post-
breakdown circuit. As Fig. 9 shows, that there is no significant 
difference in the minimum resistance at the peak current for N2, 

and the Ar/O2 mixture; the resistance in air is slightly higher 
than the resistance in these two gases, but the highest values for 
the plasma resistance as a function of current have been 
obtained in CO2. The higher values of plasma resistance for a 
given peak current implies that there is considerably more 
energy dissipation in breakdown channels formed in CO2 as 
compared with those formed in the other tested gases. This 
difference in the plasma resistance of CO2 becomes higher with 
increasing peak current; for the highest observed peak current 
of 8.5 kA, the plasma resistance is 2.5-times higher than that in 
N2 and air. 

 
Fig. 8. The minimum plasma resistance of the spark channel as a function of 
the maximum post-breakdown current, for all tested gases.  

 

D. Energy Deposited in the Spark Channel 
The energy deposited into the plasma channel was obtained 

by integrating the product of the transient plasma resistance and 
the square of the current:   
 

𝐸(𝑡) = ∫ 𝑅𝑠(𝑡)𝐼(𝑡)2 𝑑𝑡 (6) 

 
where 𝑅𝑠(𝑡) and 𝐼(𝑡) are the time-dependent resistance of, and 
current through, the plasma channel, respectively.  

Fig. 9 shows an example of the energy deposited into the 
plasma channel in the case of a breakdown in dry air at 7 bar 
gauge. The 80 nF energy-storage capacitance in the pulse 
driving circuit was charged to 32 kV, thus the total energy 
available in the discharge was 40 J. The energy deposited into 
the plasma channel during the discharge reached 20 J at the 
end of the current oscillation process, which accounts for 50% 
of the energy stored in the capacitor.   
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Fig. 9. Energy deposited in the spark channel in air at 7 bar.  

  
The energy released in the spark channel is plotted in Fig. 10 

as a function of the gas pressure in the PCS. This figure shows 
that the energy increases with an increase in the gas pressure 
due to higher plasma resistance at higher pressures. Also, it can 
be seen that the largest value of energy was released in the spark 
breakdown channel in CO2. The energy released in the plasma 
channel in air was also significantly higher than the energy 
released in the breakdown plasma channel in N2 and the Ar/O2 
mixture. This is due to higher breakdown voltages observed in 
the PCS filled with CO2 and air, with higher breakdown 
voltages resulting in higher energy available in the discharge. 

 

 
 

Figure 10. The maximum energy deposited in the spark channel for all tested 
gases as a function of gas pressure in the PCS. 
 

V. CONCLUSIONS 
In this paper, three different models have been used to study 

the dynamic resistance of the spark channel: the RLC 
Kirchhoff’s lumped-element circuit model, the Braginskii 
model, and the Kushner model. The RLC model assumes that 
the post-breakdown circuit can be described as an RLC lumped-
element equivalent circuit, with a time-dependent plasma 

resistance. Thus, the plasma resistance can be obtained by 
solving Kirchhoff’s equation. The Braginskii model assumes 
that the plasma channel expands hydrodynamically and takes 
into account the energy balance in a channel filled with plasma 
with a constant conductivity. The time-dependent radius of the 
plasma channels was obtained by the Braginskii model, and 
demonstrated good agreement with the channel radius observed 
in optical experiments, [35]. The Kushner model of the transient 
spark breakdown requires the current waveform and an 
analytical dynamic radius for the spark channel. 

All three models were used to investigate the transient 
plasma resistance in the developed multi-electrode plasma 
closing switch, filled with different gases.  

It was found that all three methods provide identical 
functional behaviour of the time-dependent plasma resistance 
during the first quarter-cycle of the current oscillation. At 
longer times, the Kushner model demonstrates a better fit to the 
resistance obtained by Kirchhoff’s approach. Both Kirchhoff 
and Kushner approaches cannot predict the resistance value 
expected when the current passes through zero. The Braginskii 
model provides unrealistically low values of resistance after the 
first quarter-cycle of the current oscillation, and therefore 
cannot be used to determine the channel behaviour for 
underdamped current oscillations. 

It was found that the minimum resistance of the post-
breakdown plasma channel depends on the current through the 
channel and on the type of gas used in the PCS. The plasma 
resistance in CO2 was higher than the plasma resistance in the 
other gases at the same values of peak current. Also, it was 
established that the maximum energy deposited in the spark 
channel is highest for a CO2-filled switch. The energy deposited 
into the channel increases with an increase in the gas pressure, 
due to the higher plasma resistance at higher pressures. 

The presented analysis will help in further understanding of 
the dynamic characteristics of gas-filled spark gap switches. It 
is expected that the analytical methods used in the present study 
can be deployed to optimise the parameters of plasma closing 
switches filled with environmentally-friendly and lower 
environmental impact gases, to improve their operational 
performance. 
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