
Plasma Sources Science and Technology

PAPER

Transient buildup and dissipation of a compressed
plasma shockwave in arc-discharge plasma
beams
To cite this article: Zhe Zhang et al 2021 Plasma Sources Sci. Technol. 30 125014

 

View the article online for updates and enhancements.

You may also like
Causality, renormalizability and ultra-high
energy gravitational scattering
Timothy J Hollowood and Graham M
Shore

-

Modulation and mechanism of
shockwaves induced on metals by
femtosecond laser double-pulse
Guoyan Wang, Jingya Sun, Pengfei Ji et
al.

-

Mechanism of microalgae disintegration by
spark discharge treatment for compound
extraction
Katja Zocher, Raphael Rataj, Anna Steuer
et al.

-

This content was downloaded from IP address 101.6.34.147 on 01/12/2022 at 03:51

https://doi.org/10.1088/1361-6595/ac3bd5
https://iopscience.iop.org/article/10.1088/1751-8113/49/21/215401
https://iopscience.iop.org/article/10.1088/1751-8113/49/21/215401
https://iopscience.iop.org/article/10.1088/1361-6463/ab6cd4
https://iopscience.iop.org/article/10.1088/1361-6463/ab6cd4
https://iopscience.iop.org/article/10.1088/1361-6463/ab6cd4
https://iopscience.iop.org/article/10.1088/1361-6463/ab768b
https://iopscience.iop.org/article/10.1088/1361-6463/ab768b
https://iopscience.iop.org/article/10.1088/1361-6463/ab768b
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvc8tY4IfGWrDnaAFUVBKEFfnBm43IaOYakD-0pBfiUxjLY4A8USH7he626wOsUhghR5XOaNsbbY92JtRNFkTFA9wpw2JLqxTQF9wmosrBDvu3XBDPGketnrS8G5OrXznrBMylB-SCckzj9b9sILbiRj3UePw_ZhkYQALALaP6c2bDCVV2tOmBO6bopBZ4dKYY4Mh63_556oeg3XwZ5Ad1Y6KNfhEyfU1uIF9ZWH7ZT9tTZvFK5KmqIvAs8hT-OSujimxVijcy1kP5EkjuwGjegHGIpU2cWS_LPOQmV16Vamg&sai=AMfl-YQCuCJ6042jqpk5-KG7WvhykXGBEei84xlqg4i_f-kOEG2jwhZE3HKd6DdI8ANncziKYKg0GrOIsJ7uvYU8GQ&sig=Cg0ArKJSzDqdWFqhqgnc&fbs_aeid=[gw_fbsaeid]&adurl=https://www.hidenanalytical.com/analysis-solutions-for-your-plasma-research/


Plasma Sources Science and Technology

Plasma Sources Sci. Technol. 30 (2021) 125014 (15pp) https://doi.org/10.1088/1361-6595/ac3bd5

Transient buildup and dissipation of a
compressed plasma shockwave in
arc-discharge plasma beams

Zhe Zhang1,2 , Yifeng Fu3, Zun Zhang3 , Xin Lin4 , Jiayun Qi3,
William Yeong Liang Ling5 , Haibin Tang6,7,8,∗ and Georg Herdrich2

1 School of Instrumentation and Optoelectronic Engineering, Beihang University, Beijing 100191,
People’s Republic of China
2 University of Stuttgart, Institute of Space Systems, 70569 Stuttgart, Germany
3 School of Space and Environment, Beihang University, Beijing 100191, People’s Republic of China
4 Institute of Mechanics, Chinese Academy of Sciences, Beijing 100080, People’s Republic of China
5 School of Aerospace Engineering, Beijing Institute of Technology, Beijing 100081, People’s Republic of
China
6 School of Astronautics, Beihang University, Beijing, 100191, People’s Republic of China
7 Key Laboratory of Spacecraft Design Optimization and Dynamic Simulation Technologies, Ministry of
Education, Beijing, 102206, Beijing, People’s Republic of China
8 Laboratory of Space Environment Monitoring and Information Processing, Ministry of Industry and
Information Technology, Beijing, 102206, Beijing, People’s Republic of China

E-mail: thb@buaa.edu.cn

Received 13 October 2021
Accepted for publication 22 November 2021
Published 23 December 2021

Abstract
Electric propulsion offers the advantage of a high specific impulse through a large exhaust
velocity and has seen significant progress in space flight applications. Recently, we observed a
transient plasma shockwave during pulsed plasma thruster operation when the plasma beam
impacted a probe surface. However, details regarding the plasma shockwave formation are still
unknown. This work is an experimental investigation of the compression-induced plasma
shockwave in the presence of a planar obstruction. To study the complete shockwave buildup
and dissipation process, an ultra-high-speed imaging system was set up to visualize the
time-resolved shockwave morphology at a sub-microsecond level. In addition, the local
magnetic field and plasma density were measured using 2D magnetic coils and a triple
Langmuir probe, respectively. The successive images of the shockwave give us a
comprehensive understanding of the shockwave buildup process. During the 12 μs operational
period of the thruster, two shockwaves were formed during the first cycle of the discharge. It is
also interesting to note that there is a 1 μs dissipation period between the two shockwaves with
the same cloud of plasma compressing against the probe surface. A shockwave model is also
developed to predict the appearance of the two shockwaves. The implication is that the local
magnetic field strength can be a key indicator for the plasma shockwave buildup and
dissipation process.

Keywords: electric propulsion, plasma shockwave, ultra-high speed imaging, plasma
compression
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1. Introduction

Electric propulsion (EP) systems are plasma sources with the
advantage of a high fuel efficiency, making them popular for
spacecraft orbital control [1]. They are able to generate low
temperature plasma populations such as Xe+, Ar+, C+, and
F+. Under an appropriate electromagnetic field, ions can be
accelerated to an exhaust velocity of 10 to 50 km s−1. This
produces a plasma plume with high directionality and veloc-
ity [2]. Although the early adoption of EP technology was
mainly focused on space applications, nowadays, people have
begun to look into physical processes such as ionization, arc
discharges, electromagnetic acceleration, and plasma propaga-
tion to improve the performance of EP systems [3]. Recently,
we observed that a plasma bowshock formed in front of a pla-
nar probe in the plasma beam of our EP thruster. However,
many of the buildup mechanisms and plasma processes behind
this phenomenon still remain unknown. This plasma shock-
wave phenomenon not only allows us to re-examine the influ-
ence of shockwaves on EP devices, but also leads to further
consideration and thought regarding the fundamental build-up
and dissipation processes of shockwaves in low-temperature
plasmas.

Objects blocking high-speed plasma beams will cause
plasma compression, followed by the formation and the dis-
sipation of shockwave disturbances [4, 5]. Such processes
involving the nature of the plasma shockwave are widely
applicable in various fields such as atmospheric reentry
[6, 7], plasma diagnostic [8], target measurement [9], and
fusion [10].

Usually, small disturbances in the plasma beam are prop-
agated as ion acoustic waves [11, 12] when the supersonic
plasma is momentarily blocked by a flat object (a discontinu-
ous surface), resulting in the formation of a shockwave. At the
same time, with compression and heating, the corresponding
plasma density, velocity, and temperature are discontinuous.
Research on shockwaves in fluid mechanics has been rela-
tively clear on some levels [13], however, the establishment
of plasma shockwaves and the mechanism behind the buildup
instability and dissipation process still remain unclear due
to the complex magnetohydrodynamics (MHDs). The plasma
shockwave plays a dual role in understanding the process of
a magnetic fluid being compressed: (i) it reveals the com-
pression conditions and duration of a plasma shock, which
are important in the formation of ultra-high-density plasmas;
(ii) the magnetic field compression accompanying plasma
compression is a feature that a neutral fluid shockwave does
not possess.

In past works, fluid methods [14], particle-in-cell meth-
ods [15], and hybrid kinetic methods [16] have been used
to establish simulation models for plasma shockwaves. The
target research objects of these models are mainly station-
ary and quasi-stationary shockwaves, whereas hot and dilute
space plasma exist in the Universe [17]. On the other hand,
most experimental plasma shockwaves are generated by laser

ablation [18, 19]. With the fast development of EP, increasing
efforts have been devoted to optimizing the plasma beam den-
sity and plasma exhaust velocity [20]. This has led to optimiza-
tions in high current density in plasma jets [21], and in high
acceleration in EP plasma beams [22]. This is the reason that
we can observe some weak shockwaves in the plasma beams
of EP thrusters. It has been reported that a plasma bowshock
is formed in front of a probe during the ignition of a pulsed
plasma thruster (PPT) [23]. PPTs are typical EP thrusters that
operate in a vacuum environment. They discharge within an
extremely short time, and undergo ionization and ablation dur-
ing a single pulse. In the presence of the strong 20 kA level
discharge current, highly ionized plasma is accelerated by an
induced magnetic field [24, 25]. This indicates that the forma-
tion of the shockwave is a sub-microsecond transient process
that appears in arc-discharge plasma beams under an electro-
magnetic field environment. The shockwave in a PPT beam
can be viewed from a magnetic fluid mechanics point of view,
and is not widely concerning in the area of EP. No further
investigations exist so far beyond the long-exposure images
of a plasma shockwave outlined here. A number of funda-
mental questions regarding the shockwave formation condi-
tions, duration, configurations, and dissipation process require
further study.

Instead of specific PPT performance studies such as those
performed in the past few decades [26], experiments have been
conducted here to measure the buildup and dissipation pro-
cess to study the physical process of the shockwave buildup.
In addition, reasonable agreement has been obtained with pro-
posed models. In contrast with a traditional fluid shockwave,
the plasma shockwave observed in this work needs to con-
sider the induced electromagnetic field and plasma propaga-
tion characteristics. This work aims to achieve an in-depth
understanding of the buildup and dissipation process of the
plasma shock from an experimental point of view. Ultimately,
through experiments and theoretical analysis, we believe this
work can introduce new insights into plasma shockwave mea-
surements and the associated physical process across the
low temperature plasma research area. Regarding the plasma
shockwave measurement aspect, instead of measuring the tem-
perature, configuration, scattered light, and pressure outside
the shockwave [27], we inserted a 2D magnetic coil inside
a planar obstruction to obtain the local magnetic field vari-
ations near the shockwave. A Langmuir probe is also used
to measure the ion density around the shock formation area.
Additionally, an ultra-high-speed camera is used to obtain
a complete visualization of the plasma shockwave buildup
and dissipation process. This will unravel the effects of the
plasma density, block distance, and magnetic field strength on
plasma shockwaves on a sub-microsecond level. These exper-
iments demonstrate the magnetic fluid nature of compressed
plasma beams. Furthermore, to gain a more general under-
standing of the shockwave in PPTs, a MHD model is also
developed to describe the buildup, duration, and dissipation
process.
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Figure 1. A schematic of the experimental PPT.

2. Experimental apparatus

2.1. Pulsed plasma shockwave generation system

Experiments were performed using a parallel-plate ablative
PPT. A schematic of the PPT is shown in figure 1. The dis-
charge channel of the PPT is a cuboid volume with an inner
height of 28 mm, comprised of two copper parallel electrodes
of 15 mm in length. The propellant used here is the polymer
polytetrafluoroethylene (PTFE). The ablation and ionization
of plasma was driven by a 1000 to 2000 V voltage differential
applied to the electrodes, while the cathode and the chamber
walls were grounded. An energy storage device (an oil capaci-
tor) is used here to store the discharge energy required for every
discharge (shot) from the PPT. A Rogowski coil is used here
to measure the discharge current.

For a single shot of the PPT, a spark plug initially generates
some electrons near the cathode, and an electron avalanche
develops between the cathode and anode along the PTFE
surface. A discharge arc is then triggered by the avalanche,
and energy stored in the capacitor will be released along the
arc, ablating and ionizing the propellant, and forming plasma.
Then, an electromagnetic field is formed between the elec-
trodes due to the self-induced magnetic field (from the current
flow) and electrostatic field (between the electrodes) of the
discharge arc. Through the Lorentz force, the plasma is accel-
erated to a high velocity by the electromagnetic field, resulting
in a plasma beam (the PPT circuit can be found in the support-
ing material http://stacks.iop.org/PSST/30/125014/mmedia).
All these processes occur in an extremely short period of
∼10 μs. Therefore, the transient plasma beam generated by
PPTs will exhibit different characteristics when compared with
stationary thrusters [28, 29].

A typical discharge current curve from the PPT is shown
in figure 2 for an initial discharge voltage of 1800 V (16.2 J).
The discharge process exhibited good reproducibility for all
cases.

As can be seen in figure 2, the peak discharge current is in
the level 20 kA for a single shot. This indicates that a strong
induced magnetic field will be generated during the plasma
generation and propagation processes. Therefore, the influ-
ence of the induced magnetic field on the shockwave formation
should also be taken into consideration.

Figure 2. Discharge current waveform of the PPT for an initial
discharge voltage of 1800 V (16.2 J). The discharge current exhibits
a sinusoidal damping waveform ranging from 0–20 000 A as
measured using a Rogowski coil. The discharge waveform has a
repeatability error of less than 6%.

Figure 3. Side-view of the plasma shockwave generation system.

In order to observe shockwave formation from a PPT
plasma beam, we set up a planar obstruction probe to gen-
erate a plasma shockwave, as shown in figure 3 (the coor-
dinate system for this experiment can also be seen in this
figure). The probe is placed in front of the exit plane of the
PPT to cause plasma compression of the plasma beam. The
probe has a diameter of 10 mm and is assembled on an axial
translation platform. To check the formation conditions of
shockwaves, different distances from the exit will be stud-
ied during the experiments. Inside the probe, two magnetic
coils are installed perpendicular to each other, and are used to
record the magnetic field. Thus, time-resolved magnetic field
variations during shockwave formation and dissipation can
be obtained.

The magnetic probe will block the plasma beam emitted
by the PPT. A plasma compression process will be observed
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Figure 4. Schematic of the coils and the planar obstruction probe.

Figure 5. Plasma shockwave in an in arc-discharge plasma beam. The images were captured with an exposure time (2 s) far greater than the
discharge time of ∼10 μs; this presents a composite of the entire discharge process in a single image.

on the probe surface, followed by the buildup and dissipation
process of the plasma shockwave. We deliberately increased
the diameter of the probe to 10 mm to form a more significant
shockwave. Two magnetic coils were inserted into the probe,
resulting in an enlarged 2D magnetic probe that can be used
to detect the magnetic field in the x-axial and z-axial direc-
tions. Figure 4(a) is a schematic of the entire planar obstruction
probe. Enlarged details of the 2D magnetic coils located within
the outer glass tube shell are shown in figures 4(b) and (c). The
shockwave is formed in front of the probe, while the induced
local magnetic field can be measured by the coils inside the
probe.

The basic fundamentals behind measuring the magnetic
field strength follow Faraday’s law of electromagnetic induc-
tion. The two internal coils are located along the x-axis and

z-axis, recording the magnetic flux in two perpendicular direc-
tions. The variations in the magnetic field of the discharge
plasma will generate an induced voltage on the coils, which
is proportional to the intensity of the magnetic field after inte-
gration [30]. The coils have 20 turns of enameled wire wound
on a plastic core holder with a diameter of 3 mm. Two RC
integration circuits are used to integrate the induced voltages
on the coils. For calibration, the Biot–Savart law was chosen
for ease of calculation of the magnetic flux density along two
single axes (calibration curves can be found in the supporting
material). Using a translation platform, various measurement
distances from the probe to the PPT exit plane (from 1 to 5 cm)
can be achieved.

It can be predicted that two physical processes will occur
when the plasma is compressed on the probe surface. One
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Figure 6. Schematic of the sub-microsecond imaging system. The subject of the experiment is in a vacuum chamber, and there are barriers
arranged in front of the PPT to capture the plasma shockwave.

Figure 7. Front-view photograph of the sub-microsecond imaging
system.

process is the formation of an ion sheath on the surface (low
mass electrons will travel across the shockwave without being
influenced), and the other is the oscillation of the surround-
ing magnetic field caused by the formation of the shockwave.
The two internal perpendicularly arranged magnetic coils
enable the detection of the magnetic field in two directions.
A general broadband emission image of the entire discharge
process is shown in figure 5(a) as a visual aid in determin-
ing the configuration of the shockwave. A schematic of the
plasma shockwave buildup process is shown in figure 5(b). A
commercial Nikon D5300 camera was used to capture long-
exposure (2 s) images to visualize the plasma shockwaves
in this work.

2.2. High-speed imaging system

Considering the extremely short duration of the PPT plasma
beams, the shockwave buildup and dissipation process should
happen at the sub-microsecond level. Thus, an ultra-high-
speed camera was used in this experiment to capture phenom-
ena such as plasma compression, shockwave buildup, plasma
expansion, and shockwave dissipation.

In this work, a high-speed imaging system was set up to
study the transient build-up and dissipation of the plasma
shockwave. This consists of an ultra-high-speed camera (Invis-
ible Vision Ultra UHSi 24), a signal generator (SRS DG535),
an oscilloscope (Tektronix DPO3014), a high-voltage probe
(Tektronix P5100) to detect the spark plug trigger, a high-
voltage probe (Tektronix P5100A) to record the PPT dis-
charge voltage, a Rogowski coil [31], and a control laptop.
A schematic of the high-speed imaging system for capturing
a PPT discharge is shown in figure 6. A photograph of the
high-speed imaging system is shown in figure 7. The high-
speed camera is equipped with a Nikon AF-S 70–200 mm
f /2.8E lens. This is a high-speed framing camera with a 16
megapixel GigE-linked Charge-Coupled Device (CCD) that
can take a series of 12 images at a maximum of 200 million
frames per second (fps). Five distances were chosen outside
the electrodes along the y-axis. Thus, probe surface distances
of 10, 20, 30, 40, and 50 mm from the exit plane were tested
in the experiments.

The success of capturing the shockwaves relies on an accu-
rate trigger to both the high-speed camera and the oscilloscope.
Through an accurate trigger, we can obtain the PPT’s initial
discharge time and the period of shockwave formation. For all
PPTs, there is an inherent delay between the spark plug firing
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and the onset of the discharge [32, 33]. We used the spark plug
signal as the initial trigger for the oscilloscope and the sig-
nal generator, as shown in figure 8. After the initial trigger,
the oscilloscope will be triggered to record the discharge cur-
rent and voltage of the PPT, while the signal generator outputs
a standard Transistor-Transistor Logic (TTL) signal into the
high-speed camera to start the shutter. For the signal generator,
a variable time delay can be set to coincide with the onset of the
PPT discharge or for different periods during shockwave for-
mation. Finally, we can obtain a precise time-correspondence
between the PPT discharge and high-speed images.

2.3. Langmuir probe

In this work, we used a cylindrical-type triple Langmuir probe
developed in-house [34]. A photo of the triple Langmuir probe
can be found in the supplementary material. Three tungsten
wires with a diameter of 0.3 mm are used as the three probe
electrodes to record the electron density and temperature. Each
electrode has a length of 4.5 mm that is exposed to the plasma
and a collection surface area of 1.9 mm2. The three probe elec-
trodes are arranged parallel to the centerline of the thruster,
with a distance of 2 mm between each wire, which is much
larger than the sheath thickness (∼0.2 mm; thin-sheath regime)
around the probe, ensuring that the electrodes do not interfere
with each other. We used the triple Langmuir probe to record
the local electron density and electron temperature of the arriv-
ing plasma. As the Langmuir probe is a fairly mature plasma
diagnostic device [35, 36], a review of the probe theory and cal-
culations is located in the supporting material. Five distances
were chosen outside the electrodes along the y-axis. The dis-
tances to the PPT exit plane were 10, 20, 30, 40, and 50 mm.
The measurement points and coordinate system of the Lang-
muir probe are the same as for the planar obstruction probe,
with the aim to obtain the plasma parameters at the shockwave
positions.

2.4. Vacuum system

All the experiments were conducted in a vacuum environ-
ment provided by a multi-functional vacuum system. The
system includes a vacuum pumping system and a vacuum
chamber. This chamber has an inner diameter of 800 mm and
a length of 1500 mm. The vacuum system uses an advanced
oil-free, clean molecular pump as the main pump. It can
reach an ultimate vacuum degree of 5 × 10−5 Pa (no-load,
at a room temperature 20 ◦C–30 ◦C). During the experiments
with PPT ignition, a vacuum degree of 3 × 10−3 Pa was
achieved.

3. Plasma shockwave model

The purpose of this model is to calculate the physical param-
eters downstream of the shockwave (assuming that the local
upstream parameters are known from experimental mea-
surements). The key issue lies with resolving the transition
relationship between the upstream and downstream of the
shockwave. Thus, the parameters inside the shockwave
are neglected in this work. For a discontinuous surface,
the MHD equations can be used to obtain the transition
relationship on both sides of the shockwave. The balance
relations for the upstream and downstream of the shockwave
include the continuity equation, momentum equation, and
energy equation (solved with the generalized Ohm’s law
and Maxwell equations). The Maxwell equations are used
to resolve the magnetic fields. The generalized Ohm’s law
is used to describe the relationship between the current
and the electric field. Due to the high plasma density and
the existence of a magnetic field, the Hall current term
cannot be ignored (the electronic thermal pressure term is
ignored). The final equations of the shockwave model are as
follows:
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where ρ is the local gas density, t is time, �u is the plasma

velocity, p is the total plasma pressure,
↔
P = −p

↔
I +

↔
χ is

the pressure tensor,
↔
χ is the viscosity tensor, �B is the local

magnetic field vector,
↔
I is the unit tensor, μ0 is the vac-

uum permeability, ε = p
(γ−1)ρ is the fluid internal energy,

σc is the conductivity, �q = −κ∇T is the heat flow vector,
γ =

cp
cv

= cv+R
cv

is the ratio of the specific heats, �E is the

electric field vector, �J is the current density vector, n is
the plasma density, and e is the elementary electric charge.
Equations (1)–(6) are the MHD shockwave equations derived
in this work.

To study the plasma shockwave, we can divide the
regions into the upstream and downstream with the shock-
wave discontinuity as the boundary, as shown in figure 9.
The upstream plasma parameters including the electron den-
sity Ne, electron temperature Te, and local magnetic field
B can be measured using diagnostic equipment. There-
fore, we can solve the MHD equations based on the
known upstream parameters to obtain the downstream plasma
parameters.

One criterion for shockwave formation is the plasma veloc-
ity range. When the upstream velocity u1 is higher than the
magnetosonic wave speed while the downstream velocity u2 is
lower than the magnetosonic wave speed, a plasma shockwave
can then form. This is shown in equation (7) as follows:

u1 >

√
B2

ρμ0
+

γp
ρ

> u2. (7)

In the plasma plume of the PPT, the shockwave is treated
as a quasi-steady shockwave in which the buildup time of
the shockwave is neglected, that is ∂

∂t = 0. For quasi-steady-
state shockwaves, we can use the discontinuity hypothesis
(this method can be found in reference [14]) to simplify
equations (1)–(5). The shockwave is regarded as a discon-
tinuous plane, and volume integration is performed along
the directions perpendicular to the upstream and downstream
discontinuity (a detailed derivation process can be found
in the supporting material). Thus, from the integration of
equations (1)–(5), we can obtain the relationship between the
upstream and downstream of the shockwave as follows:

where the subscript ‘1’ represents the upstream terms, the
subscript ‘2’ represents the downstream terms, the subscript
‘t’ represents the tangential component along the shockwave
discontinuity, the subscript ‘n’ represents the normal compo-
nent along the shockwave discontinuity, the symbol ‘|21’ rep-
resents the difference between the downstream region and the
upstream region, and n̂ is the direction unit vector perpendic-
ular to the shock discontinuity.

We assume that the plasma flow before and after the shock-
wave is uniform, and that there is no velocity gradient. Thus,
the viscosity term

↔
χ is neglected in this work. At the same time,

it is assumed that there is no temperature gradient perpendic-
ular to the shockwave plane before and after the shockwave
(the temperature gradient only exists inside the shockwave),
and so the heat flow term �q is also neglected. The ions in the
PPT plume are considered to be monoatomic ions, with the

ratio C+:F+ = 1:2, having an average atomic weight M =
16.7. By projecting the transition relation equations (8)–(12)
to the x, y, z directions of the shockwave model’s coordi-
nate system, we can then obtain eight algebraic equations (the
derivation process can be found in the supporting material).
Therefore, the parameters downstream of the shockwave can
be obtained.

The pressure, density, and magnetic field of the upstream
and downstream regions will change due to the shockwave.
The ultimate criterion for shockwave formation is as follows:

p2

p1
> 1,

ρ2

ρ1
> 1,

B2

B1
> 1. (13)

For a time point that satisfies formula (13), a shockwave is
determined to exist.
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Figure 8. The camera trigger process during PPT ignition.

4. Results and discussion

4.1. Build-up and dissipation process of plasma shock

High-speed images of shockwaves that formed in the PPT
plasma beams are shown in figure 10. Locations and
geometries of the cathode, anode, planar obstruction probe,
and propellant are shown in the first image (0 μs during the
initial discharge) using dotted lines. This figure shows the con-
dition with the probe 1 cm from the exit to better illustrate the
plasma shockwave. This series of images was taken with an
f -number of f /5, a gain of 100, and a frame rate of 2 mil-
lion fps. During the experiment, the PPT was tested at various
initial voltage levels including 1000 V, 1200 V, 1500 V, and
1800 V. In order to best highlight the plasma morphology and
the shockwave buildup process, the figures shown correspond
to an initial discharge voltage of 1800 V, which resulted in the
highest luminosity.

Figure 10 shows the complete period of the shockwave
buildup and dissipation process during the PPT’s initial main
discharge. From this figure, we can clearly see two obvious
plasma shockwaves that developed and dissipated during the
discharge process. At 1 μs, the plasma reached the planar sur-
face but the compression process has not yet begun. At 1.5 μs,
the plasma completely surrounds the probe and a clear bow-
shaped discontinuity (1–2 mm in thickness) is formed above
the obstruction. In addition, a bright 0.5 mm thick ion sheath
is formed on the planar surface (this is assumed to be an ion
sheath as the electrons dissipate more easily during the com-
pression process). The shockwave appears to develop in length
from 2 μs to 2.5 μs, but the morphology and luminosity tends
to be stable. From 3 μs to 3.5 μs, the shockwave also begins to
dissipate, even with the presence of plasma around the probe.
After 0.5 μs, another new shockwave forms from 4 μs to
4.5 μs. This shockwave is weaker in luminosity and only
appeared for a duration of 0.5 μs. After 5 μs, the shockwaves
completely dissipated.

From figure 10, we can see that the plasma density is not
the only parameter that determines the formation of a shock-
wave. At 3, 3.5, and 5.5 μs, we can see that even with plasma

Figure 9. Upstream and downstream relationship for the
compressed plasma shockwave.

impacting the probe, a shockwave still did not form. We
hypothesize that this is largely due to plasma density and local
magnetic field variations. Another point worth noting is that
the attack angles for the two shockwaves exhibit a clear differ-
ence. The second shockwave that formed at 4 μs to 4.5 μs has
a larger attack angle than the first shockwave (from 1.5 μs to
3 μs). This is due to the latter impacting plasma having a lower
velocity than the previous plasma generated during the main
discharge.

As previously mentioned, a triple Langmuir probe was posi-
tioned at the same measurement points as the planar obstruc-
tion probe. This can give us a better illustration of plasma
density variations at the shockwave formation position. The
1 cm distance from the exit is chosen to study the 1 cm
shockwave formation process. The electron density curve at
a distance of 1 cm is shown in figure 11 together with the
duration of the two shockwaves. The PPT operated at an ini-
tial discharge voltage of 1800 V, corresponding to an energy
level of 16.2 J.

Due to the quasi-neutrality of the plasma beam generated
by the PPT, we will use the peak electron density here as an
indicator for the plasma beam density. It is obvious that the
two shockwaves were generated from the compression of the
same cloud of plasma (the first peak in figure 11), but there
was no shockwave formed during the follow-up plasma waves
(the 2nd and 3rd electron density peaks). This indicates that
while the plasma densities of the first and second peaks are
similar, the plasma velocity also plays a key role in the plasma
shockwave buildup process (the plasma from the 1st peak has
a much higher velocity than that of the 2nd peak). Another
point worth noting is that the 1st shockwave dissipated at the
peak of the plasma density, while the 2nd shockwave con-
tinued to exist until the plasma density reached the lowest
value. There was a 1 μs blank period (the dissipation period
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Figure 10. Side-view high-speed images of the plasma shockwave buildup and dissipation process. A frame rate of 2 million fps, f /5, an
exposure time of 100 ns, and a CCD gain of 100 was used. The PPT’s initial discharge voltage was 1800 V (16.2 J).

Figure 11. The plotted electron density at a distance of 1 cm from the exit along with the duration of the two shockwaves.

between the two shockwaves) with a high density plasma
compressing against the planar surface. This point can also be
observed in the high-speed images in figure 10 (at 3.5 μs and
4.5 μs). Excluding the two influencing factors of plasma den-
sity and velocity, there are other parameters that also affect
the buildup and dissipation of the plasma shockwave. Two
possible reasons are considered here for the dissipation pro-
cess. One reason is because of collisions between the arriv-
ing high-density plasma and the 1st plasma shockwave. This
will cause wave expansion and dissipation. The other reason
is that at 3 μs to 3.5 μs, the local magnetic field may be too
strong. Correspondingly, the magnetosonic wave speed will be
quite high due to the magnetic field strength, and a plasma

shockwave will be unsustainable (as shown in section 3,
equation (7)).

The magnetic field was measured using inner coils in the
x-axial and z-axial directions. This is aimed at identifying
the relationship between the local magnetic field and plasma
shockwave formation. Magnetic field curves in the two axial
directions can be seen in figure 12. The data is shown for a
discharge voltage of 1800 V. As the discharge arc generated
between the PPT electrodes is in the z-axial direction, the mag-
netic field in the x-axial direction will be much stronger than
in the other directions.

It is interesting to note that the magnetic field strength
in the z-axial direction clearly reflects the buildup of
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Figure 12. Time-resolved magnetic field strength in the x-axial and
z-axial directions. The magnetic field strength Bx is a magnitude
higher than Bz. The magnetic waveform for Bz also exhibits two
apparent negative peaks, which is mainly due to the disturbance of
the shockwaves.

shockwaves in figure 12. The magnetic field exhibits two
apparent negative peaks during the two shockwaves. However,
the magnetic field in the x-axial direction is not disturbed by
the shockwave (the waveform of the measured results is sim-
ilar to those of the previous results in references [37, 38]).
Another point is that the peak magnetic field strength cor-
responds to the time that the shockwave began to dissipate
(for both directions). This suggests that the formation of the
plasma shockwave is mainly determined by the local magnetic
field strength.

4.2. Plasma shockwave variation with distance

In this section, various distances between the probe and the
PPT exit are studied to identify the relationship between the
local plasma parameters and shockwave formation. As the dis-
tance of the obstruction probe is changed from nearer to fur-
ther from the exit, the local plasma density, velocity, magnetic
field, and shockwave characteristics will all exhibit succes-
sive changes. High-speed images for probe distances of 1 cm,
2 cm, and 3 cm are compared in figures 13–15. The PPT was
operated at an initial discharge voltage of 1800 V, while the
high-speed camera was operated with an f -number of f /5 and
a gain of 100. The three distances were tested at various frame
rates (1, 2, 5, and 10 million fps) and each was repeated at least
five times. Here, we selected a discharge voltage of 1800 V
and a camera frame rate of 5 million fps to best highlight the
shockwave morphology.

Shockwave parameters for probe distances of 1 cm to 5 cm
are summarized in table 1. However, we did not observe
shockwave formation at distances of 4 cm and 5 cm. The

shockwave duration, local magnetic field strength, plasma
peak electron density, and attack angle were chosen as key
indicators for understanding the buildup and dissipation pro-
cess of the plasma shockwave.

The maximum repeatability error of Langmuir probe den-
sity measurements is less than 10%, much lower than the
differences in the peak values [25]. The time resolution for
the high-speed imaging results is 0.2 μs, which is a mag-
nitude lower than the shockwave duration. The high-speed
images and plasma shockwave parameters in table 1 reveal
three aspects regarding the shockwave buildup process: (i) the
duration of the shockwave is highly dependent on the local
plasma density. As the plasma density decreased with fur-
ther distances, the duration of the shockwave also tends to
decrease with the plasma density; (ii) as the probe distance
from the PPT exit increased, the magnetic field intensity in the
x-axial direction obviously decreased, while the z-axial mag-
netic field remained approximately the same in magnitude.
This indicates that the compression process of the shockwave
is maintained within a stable parameter range during the for-
mation process; (iii) the attack angle of the shockwave gradu-
ally increased with distance. It can be observed that the attack
angle of the second shockwave is much larger than that of
the first shockwave. The physical mechanism behind this is
similar to that of shockwaves in fluid mechanics. The sec-
ond plasma shockwave or the conditions at further distances
have a lower Mach number compared to the first shockwave
at a distance of 1 cm, and so the shockwave’s attack angle
is larger.

5. Model verification

Some preliminary calculations for the shockwave model were
performed in this work. The shockwave measured at a dis-
tance of 1 cm was selected for comparison with the calculation
results. The plasma shockwave formation time and duration
time were obtained from the shockwave model.

The propellant PTFE is mainly composed of C2F4, and
thus the neutral species in the arc-discharge plasma beams are
mainly composed of C2, F, and C2F4. It can be estimated from
the high-speed camera measurements that the neutral C2 speed
is on the level of 1 km s−1, while the C+ ion velocity is on
the level of 20 km s−1 [30, 37]. This confirms that the neu-
tral components in the plasma plume are much slower than
the ions and cannot reach the probe surface before 5 μs has
elapsed (at 1 km s−1, neutrals would have travelled 10 mm in
5 μs, while the probe is located several cm away). The mean
free path (MFP) of ion–neutral collisions is 12.6 cm, and the
MFP of electron–neutral collisions is 67.4 cm. Therefore, the
plasma-gas Knudsen numbers are �1. On the other hand, the
MFP of ion–ion collisions is 2.61 × 10−6 m, and the MFP of
electron–ion collisions is 3.95× 10−3 m. The plasma collision
Knudsen numbers are �1 (the Knudsen number calculations
can be found in the supporting material). Therefore, it is appli-
cable for us to use a magnetic fluid assumption in our model.
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Figure 13. Side-view of the plasma shockwave morphology at a 1 cm distance to the PPT exit. At 1.7 μs, a bow-shaped discontinuity was
observed above the probe. At 3.3 μs, the original shockwave has almost disappeared. The shockwave duration was 1.6 μs.

Figure 14. Side-view of the plasma shockwave morphology at a 2 cm distance to the PPT exit. At 2.1 μs, a shockwave was developing. At
3.3 μs, the shockwave has almost dissipated. The shockwave duration was 1.2 μs.

Thus, the shockwave model only take electrons and ions into
consideration. The electron–ion collision frequency νei [39] is
as follows:

vei =
1

(4πε0)2

4
√

2πnee4 ln(Λ)

3me
1
2 (kTe)

3
2

. (14)

In the calculation process, plasma parameters including the
magnetic field B and electron density ne of the plasma beam
were obtained from experimental measurements (shown in
table 1): the ion temperature T i = 1500 K, electron tempera-
ture Te = 6 eV, ln(Λ) is the Coulomb logarithm, and ln(Λ)≈ 10
[40] in the plasma plume of a PPT. The first shockwave attack
angle is θ1 = 59◦ and the 2nd shockwave attack angle is

θ2 = 62◦. The upstream plasma velocity along the y-axis
is up = 30 km s−1 [40]. With the upstream parameters, the
downstream pressure and plasma density can be solved from
equations (8)–(12). The calculated pressure is the sum of the
electron pressure and ion pressure, with electrons being the
main contributor. The time-varying parameters for the pres-
sure, magnetic field, and plasma density downstream of the
shockwave can be seen in figure 16.

Time periods where equation (13) is satisfied are deter-
mined to be times where a shockwave exists. According to
the plasma shockwave model, we can obtain the relationship
between the upstream and downstream of the shockwave. The
relationship between the upstream and downstream pressure,
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Figure 15. Side-view of the plasma shockwave morphology at a 3 cm distance to the PPT exit. At 3.1 μs, a shockwave was developing. At
3.7 μs, the shockwave has almost dissipated. The shockwave duration was 0.6 μs.

Table 1. Local plasma shockwave parameters for five probe distancesa.

B (T)

D (mm) td (μs) x-axial z-axial ne (m−3) Attack angle (◦)

10 1.6 0.21 0.034 2.6 × 1020 59 62
20 1.2 0.11 0.033 1.9 × 1020 62 N/A∗

30 0.6 0.098 0.027 1.4 × 1020 65 N/A∗

40 0 0.006∗ N/A∗ 1.2 × 1020 N/A∗ N/A∗

50 0 N/A∗ N/A∗ 1.0 × 1020 N/A∗ N/A∗

aNote: D, distance to PPT exit; td, shockwave duration time; B, magnetic field; ne,
peak electron density measured by triple Langmuir probe, and is treated as the
electron density upstream of the shockwave; attack angle, the angle between the
shockwave discontinuity and the y-axis; θ1, 1st shockwave attack angle; θ2, 2nd
shockwave attack angle; N/A, not available (because the magnetic field was too
weak to be recorded); ∗, shockwave did not form.

density, and magnetic field are summarized as dimensionless
ratios in figure 17.

Based on the calculation results of the upstream and down-
stream parameters, durations with a ratio greater than 1 are
determined to exhibit shockwave formation. Therefore, the
shockwave buildup times and duration can be obtained from
the model. The shockwave buildup and duration periods are
shown in figure 18. The corresponding magnetic field curves
in the x-axial direction is shown in black lines to better indicate
the influence of the magnetic field on the shockwave buildup
process.

It is clear at first glance that the model also predicts
two shockwaves and the dissipation process. The calculation
results fall within the experimental observation time period.
The number of shockwaves generated and the results of the dis-
sipation time period are in good agreement between the model
and experiments. This explains from a theoretical point of
view that the magnetic field, density, and plasma velocity in
the magnetic fluid together affect the buildup process of the
shockwave. The fluctuation in the magnetic field causes varia-
tions in the magnetosonic wave speed. Therefore, we observed

that a second shockwave formed and passed through the same
plasma medium.

However, it is apparent that the calculation results are not
fully accurate, and that the buildup time and duration did not
match the experimental results. This is largely due to two
problems that have not yet been solved at the current stage:
(1) the plasma compression process is still unknown. The den-
sity measured by the Langmuir probe (aspect ratio > 10) does
not fully reflect the plasma compression process at the planar
obstruction probe. An increase in plasma density will cause
the magneto-acoustic velocity to decrease, which will make
the shockwave last longer. Therefore, the observed duration
of the first shock in the experiment is greater than that of the
theoretically calculated duration; (2) judging shockwave for-
mation from high-speed images is subjective. The difference
between the shockwave judgment method in experiments and
in theoretical calculations may also cause a deviation in the
comparisons.

This plasma shockwave model serves to provide a more
general understanding of the shockwave buildup and dissipa-
tion process in PPTs. In the future, to develop this model into
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Figure 16. Calculated parameters for the pressure, magnetic field,
and plasma density downstream of the shockwave.

Figure 17. The relationship between upstream and downstream
pressure, density, and magnetic field.

Figure 18. Buildup and duration period for the plasma shockwave.

a more accurate predictor, more accurate input plasma param-
eters should be obtained. In addition, we also plan to take the
viscous term, elementary reaction collision term, and neutral
gas collision term into consideration to obtain a more accurate
calculation.

6. Conclusion

In the present work, a detailed time-resolved study of a tran-
sient plasma shockwave produced from a planar obstruction
probe compressing the plasma beam from a PPT has been
performed through the use of an ultra-high-speed imaging
technique. The buildup and dissipation process of the shock-
wave was recorded using a high-speed imaging system. The
2D local magnetic fields at the shockwave formation plane
were measured using two magnetic coils positioned inside the
planar obstruction. The corresponding local plasma density
was obtained using a Langmuir probe in the experiment. A
magnetic fluid model was introduced to assist in sorting out
the key indicating parameters to obtain a fundamental under-
standing of the plasma shockwave buildup and dissipation
mechanism.

This research brings new insights to aid in understand-
ing the shockwave buildup mechanism in low temperature
plasma beams. Apparent plasma shockwaves were observed to
form during the PPT discharge period. The plasma beam was
exhausted towards the planar obstruction, and after a 0.5–1 μs
period of compression, a 1–2 mm thick plasma shockwave
was formed surrounding the planar obstruction and a clear
bow-shaped discontinuity was observed above the obstruc-
tion. When the distance to the PPT exit was increased from
1 cm to 5 cm, the duration of the shockwaves decreased from
2.0 μs to 0.8 μs, and finally failed to develop. The attack
angle of the shockwave increased from 59◦ to 65◦ as the dis-
tance increased from 1 cm to 3 cm, which follows the pattern
in fluid mechanics. The corresponding time-resolved plasma
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density and magnetic field were also recorded. It is interest-
ing to note that two shockwaves formed in the first cloud
of plasma. Magnetic field strength oscillation occurs in the
weaker direction (z-axial), and the peak magnetic field strength
corresponds to when the shockwave began to dissipate. This
indicates that the local magnetic field strength affects the for-
mation of plasma shockwaves by affecting the speed of mag-
netosonic waves. The magnetic fluid model introduced in this
work explains the three key factors (plasma density, magnetic
field, and velocity) behind shockwave formation from a the-
oretical point of view. The local magnetic field and plasma
density profiles were used as input to verify the magnetic fluid
model. The results (shockwave formation and duration time)
from the theoretical model are in good agreement with the
experimental results.

We observed the complete plasma shockwave formation
and dissipation process both from the qualitative shockwave
morphology and from quantitative plasma parameter measure-
ments. Although this paper demonstrates the phenomenon that
plasma shockwaves can be formed between electric thrusters
and an obstruction, further in-depth studies with other plasma
sources operating with different mechanisms are still neces-
sary. One of the main directions for future work is to iden-
tify the disturbances in the shockwave and changes in plasma
parameters. These are related to the influence on diagnos-
tic accuracy and the selection of contact probe measurement
points. Additionally, further studies on the plasma shock-
wave model are also planned in the future. The analysis in
this work can also be applied to other plasma beams in the
scope of magnetic fluids, and is not limited to the EP area.
The experiments and theoretical model can be used as an
example in applying the process in future plasma shockwave
analyses. A more general model is planned for determin-
ing the buildup conditions for plasma shockwaves in low-
temperature plasmas. These studies will possibly aid in a more
advanced understanding of plasma shockwaves and plasma
diagnostic technology devoted to the overall plasma physics
community.
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