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An air-spark switch plasma was diagnosed by the Mach–Zehnder laser interferometer with ultra-high spatial and
temporal resolution. The interferograms containing plasma phase shift information at different time were obtained. The
phase shift distributions of the plasma were extracted by numerically processing the interferograms. The three-dimensional
(3D) electron density distributions of the air-spark switch plasma were then obtained. The working process of the air-spark
switch was described by analyzing the temporal and spatial evolution of the plasma electron density.
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1. Introduction
Gas spark switches as the key component are widely used

in pulsed power generators, pulse modulation networks, vac-
uum electron devices, particle accelerators, and other high
pulsed power devices.[1–4] They have extraordinary capabili-
ties that are well suited for applications that require switching
of very high voltage, long life, and rather high currents. The
main purpose of researching gas spark switches is to achieve
high reliability. At the same time, high reliability of gas spark
switch is also the guarantee for the safe operation of pulse
power equipment. At present, the research on gas spark switch
mainly focuses on the numerical calculation and experimental
research of its circuit characteristic parameters, the numerical
simulation of the main arc of the switching arc and the elec-
trode ablation.[5–8] With the development of plasma diagnos-
tic techniques, the accurate diagnosis of plasma parameters of
gas spark switches has become possible. These new plasma
diagnostic techniques help us to better understand the working
process of gas spark switches.[9,10]

The air-spark switch is a kind of gas spark switch that uses
air as the insulating medium. The electron density distribution
and evolution of the air-spark switch discharge plasma have
a significant effect on the operating process of the air-spark
switch. It is well known that the air-spark switch discharge
is a transient and complicated physical process. Generally,
the major physical processes of discharge contain two stages,
plasma formation and plasma expansion. However, there is no
clear threshold for the two stages. Once the plasma is pro-
duced, it will expand in the background gas and the shock
waves will form because of the steep density gradient.[11,12]

Many works have been carried out to comprehend the pro-

cesses of plasma formation and plasma expansion in the back-
ground gap. Zhang et al. studied laser induced plasma in air
using the laser interferometry and a three-dimensional (3D)
electron density profile was obtained.[13,14] Hairlal et al. used
laser shadowgraph and fluid simulation to study the shock
wave propagation, estimating the pressure and the velocity of
the shock front.[15] Yang et al. studied laser induced copper
plasmas in air using fast spectral imaging and two-color laser
interferometry, and the density profiles of Cu atoms and elec-
trons were obtained.[16]

Obtaining the exact parameters of air-spark switch plasma
is the key to understanding the working process of the air-
spark switch, but it is a challenge because of the rapid changes
of the plasma parameters in time and space. Fortunately, the
laser interference imaging can “freeze” the plasma, obtain and
analyze the transient parameters of the plasma by numeri-
cal processing the interferograms. In this paper, the Mach–
Zehnder (M–Z) laser interferometer with laser wavelength
532 nm is used to diagnose the gas spark switch plasma. The
interferograms containing plasma information are obtained,
and the electron density distribution of the plasma is presented
by numerical processing the interferograms. The spatiotem-
poral evolution of the plasma electron density is analyzed.

2. Theory and assumptions
Low temperature plasma is mainly composed of elec-

trons, ions, and neutral atoms.[17] Different types of parti-
cles have different contributions to the refractive index of the
plasma. So the refractive index of plasma can be written as[14]

n−1 =−
e2

0λ 2Ne

8π2ε0mec2 +∑
k

(
Ak +

Bk

λ 2

)
Nk

NA
, (1)
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where n is the refractive index of the plasma, λ is the wave-
length of the probe laser beam, e0 is the elementary charge,
me is the electronic mass, ε0 is the dielectric constant, c is
the speed of light in vaccum, NA is the Avogadro constant.
Ne is the number density of free electron, and Nk is the num-
ber density of particle of kind k. Ak and Bk denote the gas-
specific constants for these particles. In Eq. (1), the first term is
the contribution from free electrons and the second term from
heavy particles (atoms and ions).

Generally, we can obtain the accurate plasma electron
density by measuring the refractive index distributions of
plasma at two separate wavelengths.[18] However, in the
plasma, the refractive index is primarily a function of the elec-
tron density, which is the main plasma parameter determined
by refractive index measurements. In particular, when the
electron density is above 2×1019 cm−3, the influence of elec-
trons on the refractive index is dominants and the heavy parti-
cle influence is neglected entirely.[19] For air-switched plasma,
in the arc-column region between the electrodes, we assume
that the plasma is fully ionized. At the same time, we ignore
the effect of ions on the refractive index. Thus the electron
density Ne can be calculated from a refractive index distribu-
tion at a single probing wavelength λ

Ne =
8π2ε0mec2

e2
0λ 2 (n−1). (2)

Laser interferometry measures the change in refractive in-
dex of a tested plasma. When the probing laser beam
passes the plasma, the phase shift ∆ϕ will be recorded in the
interferograms.[19] The ∆ϕ can be expressed as[16]

∆ϕ =
2π

λ

∫ z2

z1

{n−n0}dl, (3)

where ∆ϕ is the phase shift of the probing laser beam passed
through the plasma, n is the refractive index of the plasma, n0

is the refractive index of air (n0 = 1.0003), and l is the propa-
gation path of the probing laser beam in the plasma.

For axisymmetric plasma systems, digitizing the interfer-
ograms and performing the inverse Abel transformation, we
can reconstruct the spatial distribution of the refractive index,
and then the spatial and temporal distribution of the electron
density in the plasma can be obtained. The inverse Abel trans-
formation can be expressed as follows:

n−n0 =−
λ

π

∫ R

r

d∆ϕ (x)/dx√
x2− y2

dx. (4)

There is a simple approximation formula: if the electron den-
sity of the plasma is much lower than the critical electron den-
sity, then the phase shift ∆ϕ is proportional to λ [20]

∆ϕ = 4.46×10−14
λ

∫ l

0
Nedl. (5)

For a probing laser beam with wavelength of 532 nm, the crit-
ical electron density is 4×1021 cm−3. According to previous
studies, the critical electron density is much larger than the
electron density of the air-spark switching plasma.[21] There-
fore, the electron density distribution of the air-spark switch-
ing plasma can be calculated according to the approximation
formula.

3. Experimental setup
The experimental setup is shown in Fig. 1. The output

laser (wavelength 1064 nm) of a Q-switch Nd: YAG laser
is frequency-doubled with low efficiency (15%) to provide a
probe pulse laser (λ = 532 nm), and the full width at half max-
imum (FWHM) of the laser pulse is about 7 ns. Then the probe
pulse laser passes through an aperture that is used to adjust the
intensity of the laser beam. A sample optical path delay sys-
tem composed of two mirrors is used to adjust the direction of
propagation of the laser beam. Then, the laser beam is sep-
arated into two beams by the Mach–Zehnder interferometer.
The plasma is situated at one arm of the Mach–Zehnder inter-
ferometer. The laser beam which passes through the plasma is
called the probe beam and the other beam that does not pass
through the plasma is called the reference beam. The probe
beam passed through the plasma interferes with the reference
beam and produces an interferogram image on the charge cou-
pled device (CCD) camera. The CCD camera is connected
with a personal computer, which is used to display and store
the interferograms in real time. To improve the spatial res-
olution of the device, a microscope (magnification of 10×)
is installed on each arm of the interferometer. So, the spa-
tial resolution of the interferometer can reach 5 µm (for one
pixel). The temporal resolution of the interferometer is deter-
mined by the FWHM of the laser pulse that is 7 ns. In order to
eliminate the effects of plasma luminescence and other stray
light and improve the contrast of the interferograms, a band-
pass filter (λ = 532 nm, FWHM = 1 nm) is used in front of the
CCD camera. To accurately “freeze” the plasma and obtain an
interferogram containing plasma information, the digital de-
lay pulse generator (DG535) is used to control the time series
of the laser (Nd: YAG), the high voltage power supply (HV
Power Supply), and the CCD camera.

In our experiments, for the convenience of observation
and research, we chose a two-electrode gas switch and sim-
plified the switch structure as a two-tip discharge structure,
whose schematic diagram is shown in Fig. 1. The plasma
was generated between two needle-type copper electrodes, the
gap between them was 2 mm. The air-spark switch was ig-
nited in self-breakdown mode. The output voltage amplitude
of the high-voltage pulse power supply was −10 kV, and the
discharge duration was 3 µs. The typical waveforms of the
air-spark switch ignited in air are shown in Fig. 2.

055202-2



Chin. Phys. B Vol. 28, No. 5 (2019) 055202

BS

M

M

M

M
KDP Nd:YAG

D
G

5
3
5

PC
CCD

filterBS

10T

10T

HV power supply

micro
scope

Cu

Cu
plasma

aperture

Fig. 1. The experimental set for laser interferometry to diagnose the air-spark switching plasma. KDP: potassium dihydrogen phosphate, M: mirror, BS:
beam splitter, CCD: CCD camera, PC: personal computer, DG645: digital delay pulse generator, HV power supply: high voltage pulse power supply.

0 20 40 60 80

0

200

400

600

800

I

U

Time/ns

C
u
rr

e
n
t 
I
/
A

  

0

-2

-4

-6

V
o
lt
a
g
e
 U

/
k
V

  

Fig. 2. Waveforms of the current I and voltage U of an air-spark switch
ignited in air.

4. Results and discussions
4.1. Interferograms

All of our experiments are performed in air. In our exper-
iments, the ignition of the air-spark switch is in the single igni-
tion mode. Although the experimental device can obtain only
one interferogram in a single discharge of air-spark switch, the
stability of the high-voltage pulsed power supply ensures that
the time jitter of the discharge is very small (< 5 ns). At the

same time, the air-spark switch is simplified to a two-needle-
type-electrodes discharge structure such that each discharge is
produced at the tip of the needle. For the two reasons above,
the good reproducibility of the experiment can be ensured.
Time series is controlled by using DG535, the interferograms
of different delay time can be obtained. The temporal and spa-
tial evolution of the plasma electron density can be studied by
processing the interferograms.

Typical interferograms obtained at different delay time
are shown in Fig. 3. The interferogram in Fig. 3(a) is obtained
when the electrode gap has just been broken down and the cur-
rent in the electrode gap has just been generated. For the con-
venience of record and research, the moment of obtaining this
interferogram is defined as time zero. In the interferogram in
Fig. 3(a), the interference fringes are shifted in a small area of
the electrode gap, especially near the cathode, which indicates
that there is an electron cloud near the cathode. The interfero-
gram in Fig. 3(b) is obtained at t = 10 ns. The plasma channel
completely forms and a typical columnar plasma region can be
observed in the electrode gap.

Fig. 3. The interferograms of air-spark switch discharge plasma obtained at different delay time: (a) 0 ns, (b) 10 ns, (c) 75 ns, (d) 130 ns,
(e) 240 ns, (f) 420 ns.
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The interferogram in Fig. 3(c) is obtained at t = 75 ns. A
spherical plasma region is observed, which indicates that the
plasma has expanded into the surrounding air. From the inter-
ferogram in Fig. 3(d) that is obtained at t = 130 ns, we find that
the plasma has expanded into the surrounding air completely.
The interferograms in Figs. 3(e) and in 3(f) are obtained at
t = 240 ns and t = 420 ns, respectively. The plasma area then
becomes bigger and bigger.

4.2. Phase shift distribution

The interferograms obtained in the experiments have a
high quality and can be used to calculate the phase shift of the
interference fringes. The phase shift (∆ϕ) is the most criti-
cal parameter to calculate the electron density of the plasma.
First, the interferograms are digitized and low pass filtered.
We perform a fast Fourier transformation (FFT) analysis to
extract the phase shift from the fringe pattern, select the phase
main value of the interferograms in the frequency domain, and
then perform inverse FFT transformation to obtain the phase
distribution.[22] Air-spark switching plasmas have high elec-
tron densities and density gradients. When the plasma expands
into the atmosphere, high-speed diffusion of plasma always in-
duces shock waves, which will cause phase shift discontinuity.
The resulting phase is wrapped into interval [−π , +π]. To ob-
tain a continuous phase, a phase unwrapping algorithm that
uses graph cuts is applied.

To avoid confusion, we consider the condition when the
arc channel is a column, and the electron density distribution
is radially symmetric. The electron density is uniform in the
z direction as shown in Fig. 4. The obtained phase shift dis-
tribution is shown in Fig. 5 as a false color image. According
to formula (1), we know that the refractive index of plasma
is mainly composed of two parts, one is the contribution of
electrons, and the other is the contribution of ions and neu-

tral atoms. Electrons and heavy particles have opposite con-
tributions to the refractive index of plasma. The contribution
of electrons to the refractive index makes the refractive index
smaller, but the contribution of heavy particles to the refractive
index makes the refractive index larger. Therefore, accord-
ing to formula (3), when the contribution of electrons to the
refractive index dominates, the phase shift is negative on the
phase shift distribution. Conversely, when the contribution of
the heavy particles to the refractive index dominates, the phase
shift is positive on the phase shift distribution. From Fig. 5, we
find that some areas have darker colors (positive phase shift)
surrounding the arc channel boundary. The dense compressed
air layer contains lots of neutral atoms. The air-spark switch-
ing plasma is generated between the electrodes and then ex-
pands into the surrounding air at supersonic speed, this will
compress the surrounding air to form a dense compressed air
layer. The dense compressed air layer shows a clear plasma
boundary, so we can observe the plasma shape after complete
diffusion.
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Fig. 4. Probing diagram of an arc channel in the air medium.
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4.3. Electron density distribution

For axisymmetric plasma systems, the inverse Abel trans-
form is applied to calculate the 3D electron density distribution
from the phase shift distribution. From Fig. 5, we can see that
the air-spark switch plasma has good symmetry, so the inverse
Abel transformation based on the Hanke–Fourier method[23]

is applied to calculate the refractive index of the plasma. The

result is shown in Fig. 6. Although the electron density in the
arc channel is lower than 2× 1019 cm−3, we estimate the in-
fluence of the atom on the refractive index.[24] The estimation
results show that the contribution of an electron to the refrac-
tive index is 1000 times that of an atom. Therefore, in the arc
channel, the contribution from atoms to the refractive index is
still negligible.
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Fig. 6. The 3D electron density distribution extracted from the phase shift distribution at different delay time: (a) 0 ns, (b) 10 ns, (c) 75 ns,
(d) 130 ns, (e) 240 ns, (f) 420 ns.

Figure 6 shows the temporal and spatial evolution of the
air-spark switch plasma. In the initial discharge, at the tip of
the cathode, the field emission provides the seed electrons for
discharge. These seed electrons move toward the anode under
the action of the electric field and collide with the background
gas (air), producing a large amount of secondary electrons.
The seed electrons and secondary electrons both move toward
the anode and ionize the background gas under the action of
the electric field. The electron avalanche effect causes a dense
cloud of electrons formed near the cathode in a very short pe-

riod of time. The electron cloud is shown in Fig. 7(b), the blue

area near the cathode tip. Figure 7(b) indicates that the elec-

tron density near the cathode is higher than that near the anode

in arc channel at the beginning of discharge. From Fig. 7(c),

the electron density is up to 4.2× 1019 cm−3 near the cath-

ode, but the electron density near the anode is very small. The

electron density distribution between the electrodes is shown

in Fig. 7(c) and approximately fitted by a Boltzmann function

(the red-solid line).
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The electrons accelerate toward the anode under the ac-
tion of the electric field, and continuously ionize the neutral
atom during the movement. The electron avalanche effect
causes the arc channel to form quickly. So the initial plasma
is generated in a short time. A large number of high-energy
electron bombardment of the anode results in a large number
of secondary electrons generated at the anode. The newly gen-
erated secondary electrons are attracted and accelerated by the
anode, this results in more secondary electrons generated at
the anode. So a dense electron cloud will form near the an-
ode. Two high-density areas of electrons are observed near
the electrodes when the arc channel is fully formed. This re-
sult is shown in Figs. 8(b) and 8(c). For the electron cloud
near the cathode, there are three main sources of electrons: (i)
the electrons from field emission, (ii) the secondary electrons
from ionized neutral atoms, and (iii) the secondary electrons
from ion bombardment cathode. For the electron cloud near
the anode, there are also three main sources of electrons: (i)
the electrons from field emission, (ii) the secondary electrons
from ionized neutral atoms, and (iii) the secondary electrons
from electron bombardment anode.

Intense collision and ionization lead to dense plasma gen-
eration during the formation of arc channels. This high tem-
perature and high density plasma will expand into the air due
to the pressure gradient in the plasma. The compressed air
layer is generated because of the diffusion of the plasma, and
is shown in Figs. 8(a) and 8(b). At the same time, this com-
pressed air layer reveals the clear profile and diffusion radius
of the plasma.

The plasma expanding into air is accompanied with the
density decrease, the radius increase, and the temperature re-
duction. In our experiment, we select two reference locations,
y1 located near the cathode and y2 located near the anode,
as shown in Fig. 9(a). The distance between the reference
position and the electrode tip is about 100 µm. Figure 9(b)
shows the radial electron density distribution at t = 0 ns at
y1. The electron density profile is approximately fitted by a
Gaussian function (the red-solid line). Figure 7(b) indicates

that the arc channel is very narrow about 200 µm when it is
just formed, but the electron density of the plasma is very high
(4×1019 cm−3) at position y1. In the same manner, the radial
distribution of electron density is obtained at different time,
the result is shown in Fig. 10. Figures 10(a) and 10(b) show the
evolution of electron density and radius of plasma with time at
positions y1 and y2, respectively. Figure 10(a) shows that near
the cathode, the electron density continues to decrease and the
radius of plasma continues to increase due to the diffusion of
the plasma. However, figure 10(b) shows that the electron den-
sity increases first and then decreases near the anode because
of the formation of arc channels and subsequent diffusion of
the plasma. The maximum density is up to 2.5×1019 cm−3 at
t = 75 ns. The radius of plasma continues to increase near the
anode.
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Fig. 9. Two reference locations y1 and y2, which are located near the elec-
trodes. The distance between the reference position and the electrode tip is
about 100 µm. (a) The interferogram obtained at t = 0 ns, and two reference
locations y1 and y2 are illustrated with two red solid lines. (b) The radial
electron density distribution at t = 0 ns at y1.

Therefore, the working process of the air-spark switch
can be described as follows: at the initial stage of discharge,
the seed electrons are generated at the tip of the cathode by
field emission. Under the action of the electric field, the seed
electrons are accelerated to move toward the anode and ionize
the background gas. So a large number of secondary elec-
trons are produced. At this time, the electron density near
the cathode is larger than that near the anode. The arc chan-
nel is rapidly formed due to the avalanche ionization mech-
anism. A large number of electrons bombard the anode and
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produce more secondary electrons. Then, the electron density
near the anode increases rapidly. So two high-density regions
are formed near the cathode and anode. When the arc chan-
nel is fully formed, the plasma in the arc channel will expand
into the air under the pressure gradient. As the diffusion pro-
gresses, the plasma density decreases, the radius increases and
the temperature decreases. Finally, the plasma disappears into
the air.
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Fig. 10. Electron density distributions at different time superposed with
Gaussian fit curves on a common radial coordinate system, which is
center around the axes of the arc channels. (a) Electron density distri-
butions at y1 and (b) y2.

5. Conclusion
Laser interferometry has an ultra-high spatial and tem-

poral resolution, and is a powerful tool for studying plasma
evolution. In this paper, we studied the working process of
air-spark switches by laser interference technology. A series of
interferograms that contain plasma information were obtained.
The three-dimensional electron density distributions were ob-
tained by numerical processing the interferograms. The elec-
tron density near the cathode up to 4.2× 1019 cm−3 is higher
than that near the anode in the arc channel at the beginning
of discharge. Subsequently, the arc channel is rapidly formed

under the action of the electric field. Due to the plasma ex-
panding into air, the radius of the arc channel is increasing and
the shock wave is formed in the front of the compressed air
layer. The working process of the air-spark switch was de-
scribed by analyzing the temporal and spatial evolution of the
plasma electron density. The electron density near the anode
increases first and then decreases, but the electron density near
the cathode continues to decrease. The laser interferometry is
demonstrated to be a valuable method to diagnose transient
physical processes such as gas switching plasmas. The data
of these experiments also provides a good reference for under-
standing the working process of the air-spark switch.
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