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In order to make it possible to control the plasma state and predict the regime transitions via coupling optical and
electrical diagnosis in aerospace engineering, we have experimentally investigated the regime transitions under
0.1–15 kPa with an input discharge power of 0–25 W in a parallel-plate electrode configuration. An abnormal
glow discharge (AGD), filamentary discharge (FD), and arc discharge (AD) are distinguished using the voltage–
current characteristics under different gas pressures. The electron excitation temperature (Te), electron density
(Ne), spatial resolutions of Te and Ne , and ionization degree are obtained via optical emission spectroscopy to
reveal the transition mechanisms. Thermal instability, characterized by Te , plays a dominant role during the tran-
sition from an AGD to an FD. The conclusions are supported by analysis of ionization degree, whereas electronic
instability becomes the dominant mechanism in the transition from an FD to an AD. This is related to collision
kinetics because of an observed drop in Ne , which is verified by the spatial resolution as well. Moreover, planar
laser-induced fluorescence provides further insight into the instantaneous location and relative number variation
of Ar 1s5 metastable atoms, which agrees well with the plasma properties mentioned above. In addition, a pressure
of 1 kPa with a maximum input power of 17.5 W are specified as suitable working parameters for further study
when applied to microthrusters due to its higher Ne and better stability. ©2021Optical Society of America

https://doi.org/10.1364/AO.414608

1. INTRODUCTION

Gas discharge plasma has been the subject of much research,
owing to the large chemical freedom offered by its nonequi-
librium aspects. Many fields, such as surface etching and
modification, prefer to use stable and dispersed plasma in a large
area with good repeatability [1–6], which is most commonly
produced by a glow discharge (GD). Hence, the GD has aroused
more interest than other discharge types and has been applied
more broadly over the past decades. However, it is difficult to
maintain a stable GD in practical aerospace applications such
as avionics propulsion or plasma-enhanced combustion of
chemical thrusters [7–11]. Even tiny variations of the amplitude
or repetition frequency of the applied voltage, or subtle changes
of electrode surfaces and gas flow, could lead to a transition from
a GD to a filamentary discharge (FD) and finally to an arc dis-
charge (AD) or spark discharge. This is in addition to pressure
oscillation in the cabin and an unsteady component environ-
ment. Regime transitions bring about many consequences:
breakdown, device burnout, and other irreparable damage.

Unfortunately, currently available information is not
quite sufficient for proper choice of the discharge param-
eters in application. Therefore, it is necessary to study the
characteristics and mechanisms of regime transitions in dis-
charges via real-time monitoring under conditions similar to
those of aero-propulsion to comprehend the discharge per-
formance and predict regime transition in advance. Passive
feedback thereby turns into proactive macroregulation; that
is, actively controlling the performance or efficiency of plasma
enhancement.

Studies rarely involve external control of regime transitions.
There is still no systematic theory of regime transitions because
the chemical reactions in the plasma are complicated. In an
earlier work, Fu et al. [12] demonstrated that transition proc-
esses of hollow cathode discharges at 0.06–50 kPa could be
determined from the distribution of plasma properties based on
numerical simulation. Pai et al. [13] demonstrated with optical
diagnostics that the glow-to-spark transition is determined by
thermal instability, but they did not observe any FD. Other
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Fig. 1. Schematic of experimental setup.

work by Baeva et al. [14] focused more on the effects of electron
transport properties on the transition from a normal glow to an
AD at atmospheric pressure, which was not applicable to space
environments. In addition, Borisyuk et al. [15] studied spatial–
temporal evolution and plasma parameters for transitions in
an abnormal glow discharge (AGD), but needle electrodes
were unable to produce plasma with a large area. Elissev et al.
[16] showed that cathode heating was the reason for transition,
while some researchers [17,18] aimed at regime transition in
low-temperature plasma produced by dielectric barrier dis-
charge with an insulation layer that is unable to withstand the
scorching temperature of aerospace propulsion. Most of this
research, as others [19–26], lacked experiments to monitor
discharge parameters or control regimes that apply to aerospace
environments. Besides, research [27] shows that discharge
mechanisms are easily affected by modified external parameters
such as chemical input, pressure, and discharge configuration.
This means that the comprehensive investigation and real-time
diagnosis for regime transitions of specific discharges must be
carried out, especially in environment of aero-propulsion so
as to achieve external control of regime transitions or plasma
enhancement.

Therefore, an input power of 0–25 W and typical gas pressure
of 0.1–15 kPa are selected to study the vital plasma parameters
via coupling optical and electrical diagnosis, for the purpose of
controlling the plasma state and predicting the regime transi-
tions in aerospace engineering. Voltage–current characteristics
(VCCs) are applied to define the discharge regime, while quan-
titative data about plasma properties are measured by optical
emission spectroscopy (OES). Meanwhile, metastable Ar atoms
(ArM) are assessed by planar laser-induced fluorescence (PLIF).
The dominant instability mechanisms of each transition and
optimal settings for a microthruster are discussed based on the
parameters mentioned above.

2. EXPERIMENTAL SETUP

A. Discharge Chamber

Figure 1 shows the schematic of the experimental setup in
this work. Pure argon (99.999%) was introduced into the
discharge chamber with a constant flow rate of 0.2 L/min and

Fig. 2. Photographs of electrodes from (a) side and (b) front, and
(c) position calibration system of OES diagnostics.

monitored by a mass flow controller. A stable chamber pres-
sure and dynamic balance of argon gas were achieved through
precise adjustment of the gas input and evacuation during the
experiment. Parallel copper plates were used as electrodes; their
surfaces were polished with fine-grained sandpaper, giving
a roughness of about 1 µm. Electrodes were mounted on an
insulating PMMA holder that positioned the electrodes at the
center of the discharge chamber, as shown in Figs. 2(a) and 2(b).
Cooling time was set as 10 min to ensure the same conditions of
PMMA holder in each test; an infrared thermometer was also
used to monitor temperature of the holder. The lower plates
served as the anode with a high-voltage input while the upper
plate was grounded. Supporting the discharge was an AC power
supply (Coronalab CTP-2000 K, Nanjing, CN), whose phase
was modulated with a signal generator (Agilent 33500B Series
Waveform Generator, KEYSIGHT). The frequency of the
applied voltage was maintained at 5 kHz. The real-time input
voltage and current were monitored and recorded by probes
(Rigol RP5600A 10:1 probe 600 MHz) with 1 M� and a
6–16 pF termination to an oscilloscope (Rigol DS6064 Digital
Oscilloscope 4 channel 600 MHz 5 GSa/s).

B. OES Diagnostics

OES measurements were carried out with a fiber-based spec-
trometer (Spectrapro HRS-500, Princeton Instruments). An
optical fiber was positioned on a displacement platform at the
outer surface of a side optical window, which was made of fused
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Table 1. Ar-I PLIF Schemes Examined in the Experiments

Transition Scheme (Paschen) Transition Scheme(Racah) λ12 (nm)
a

λ23 (nm) A21(s
−1) A23(s

−1)

1s 5→ 2p2→ 1s 4 4s (2 P 0
3/2)2 − 4p ′(2 P 0

1/2)1 − 4s (2 P 0
3/2)1 696.7352 727.4940 6.39× 106 1.83× 106

aλ12 indicates absorption wavelength and λ23 indicates fluorescence wavelength (both are vacuum wavelengths). A21 and A23 are the spontaneous emission coeffi-
cients associated with each transition.

quartz. To compensate for the divergence angle of the fiber, a
system based on plano–convex lenses was designed, as shown
in Fig. 2(c). The exact location of the measuring point was
obtained with a standard point source produced by a laser beam.

The optical signal was collected through the fiber into the
spectrometer, whose entrance slit was set at 30 µm. The wave-
length of the lighting system was calibrated with an Hg and
Ne/Ar light source (IntelliCal, Princeton Instruments), and
the intensity of the lighting was calibrated with a halogen lamp
(Model 63355, Newport). The instrumental broadening was
also obtained with a standard light source. The radiation was
dispersed on a 1200 g/mm gating and detected by an intensi-
fied charge coupled deviceI (ICCD) (PI-MAX 4, Princeton
Instruments). Considering the discharge frequency, the delay of
the ICCD detector within OES experiment was fixed at 200 ns
with a 200µs exposed gate width.

C. PLIF Diagnostic

The metastable state of argon (ArM) was measured in situ via
PLIF [28–30]. ArM was excited by a dye laser (Precisionscan,
Sirah), which was pumped by an Nd:YAG laser (Quanta-Ray
Pro250, Spectra-Physics) at 532 nm, which had a pulse width of
8 to 10 ns and a repetition rate of 10 Hz. The stable wavelength
range of the dye laser is 667–720 nm, with maximum output at
approximately 692 nm by Pyridine 1 dye dissolved in ethanol.
In this work, 1s 5 was selected because this state has the lowest
excited energy. This state was pumped to upper state 2p2 opti-
cally at a rest wavelength of 696.7352 nm, which was selected
as the excitation wavelength because it was a strong enough and
comparatively well-isolated line [31]. Both the energies and
transitions of excitation wavelength and fluorescence signal are
listed in Table 1.

The wavelength and output power of the dye laser were
monitored by wavelength meter and power meter, respectively.
The excitation laser beam from the dye laser (∼30 mJ/pulse)
was turned into a laser sheet after passing a combination of a
cylindrical lens and plano–convex lens. Through a slit aperture,
the thickness and height of the laser sheet was limited to 1 and
25 mm, respectively. The measurement of ArM fluorescence
intensity as a function of laser power was performed to con-
firm the laser energy within the linear excitation region. The
fluorescence signal was captured by the other ICCD (PI-MAX
4, Princeton Instruments), which was perpendicular to the
laser sheet. The positions of these devices are shown in Fig. 3. A
narrowband filter (730 nm by 10 nm bandpass) was placed in
front of the ICCD, which was used to separate the PLIF signal
in 727.494 nm from the stray light and self-emissions of the
plasma. To obtain a stronger signal intensity, the gate width
of the ICCD was set at 200 ns, and the gain was 60 during the
experiment. The synchronization sequence among the laser

Fig. 3. PLIF setup.

and ICCD cameras was achieved with a digital delay generator
(Stanford, DG645).

3. RESULTS AND DISCUSSION

A. VCCs

The discharge phenomena are illustrated in Fig. 4, where the
discharge regimes are distinguished easily from the position of
luminescence. The AGD only covers the electrode surface, the
FD consists of lines of discharge bridging the gap, and the AD is
a thin arc cord. In addition, a clearer way to determine discharge
regime is according to VCCs [32–36]. Figure 4 shows a series of
input voltage–current (U–I) curves recorded on an oscilloscope.
In the voltage–current curve in Fig. 4(a), the higher voltage and
lower current can be identified as the GD regime. The peak
current in the FD [Fig. 4(b)] gives information on the cathode
spot with higher current density, which disappears in the AD
[Fig. 4(c)]. There is a large current increase from the FD to the
AD, accompanied by a sharp visual constriction in the discharge
region.

The voltage and current amplitudes are provided in Fig. 5
to find out the individual function of each external parameter.
The variation of the voltage with the mounting current indi-
cates that the GD operates in an abnormal mode because the
sustaining voltage increases in proportion to the current (as well
as the input power), as seen in Fig. 5(a). Spot covers the whole
surface of the cathode in AGD, and the number and energy of
positive ions on the cathode are increased as voltage increases.
In contrast, resistance of the discharge gas decreases sharply
when the cathode reached a high temperature to produce a
strong emission of hot electrons, which are defined as the transi-
tion to AD. Hence, the voltage applied in the FD [Fig. 5(b)] and
AD [Fig. 5(c)] changes with current in an opposite way, which is
called negative resistance. Comparing the fit curves from 2 and
5 kPa shows that the equivalent resistance of the plasma, which
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Fig. 4. U–I curves and discharge phenomena of (a) AGD, (b) FD, and (c) AD when U = 0.8 kV.

Fig. 5. Current and voltage amplitudes in (a) AGD, (b) FD, and (c) AD.

is the slope of the curve, decreases. Hence, the AGD, FD, and
AD are certainly determined from either Fig. 4 or Fig. 5.

Moreover, internal mechanisms could be inferred on account
of VCC [37,38]. Figure 5 implies two competing mechanisms,
in that the same discharge power translates to lower current
and higher voltage in the AGD but proceeds in an opposite
direction in the FD and AD. The ionization rate is inferred in
proportion to the mean free path and electron–neutral particle
collision cross section. At low pressure [Fig. 5(a)], the effect of
the collisions is greater, so the voltage needs to be decreased to
maintain a stable current via a lower ionization rate. Apparently,
the reduced mean free path has a major effect at higher pressure
[Figs. 5(b) and 5(c)], which is compensated for with higher
voltage. The conclusions are also demonstrated by Te in the
following.

B. Plasma Properties from Spectral Analysis

The spectral window for each test is from 200 to 900 nm dur-
ing the whole experiment. Figure 6 only displays the spectral
window where the emission spectral lines concentrate in an
argon discharge. Obviously, the strong group of emission lines
at 700–850 nm comes from the transition from the 3P 54P to
the 3P 54S levels of Ar-I (2Pn and 1s n in the Paschen notation,
respectively), while the weaker one in the range 400–500 nm is
from the 5P → 4S transitions of Ar-II. Moreover, both contain
many lines, making the entire argon spectrum quite complex.
Therefore, the major typical lines of atomic (Ar-I) and singly
ionized (Ar-II) argon were chosen for studying plasma proper-
ties; their parameters are summarized in Table 2. In addition, to
calculate plasma properties, it is necessary to correct the system
response and subtract the baseline before fitting with a Voigt

Fig. 6. Typical argon spectrum for U = 0.8 kV, P = 200 Pa, and
process of Voigt fitting.

profile, as the inset shows in Fig. 6. Then the relative intensity of
each spectral line can be obtained.

1. Te

The Te represents the part of the discharge energy emitted via
radiative decay (>98.9%) [39] in a plasma. As a benchmark in
the development of predictive models and simulations, the elec-
tron energy distribution function (EEDF), also characterized by
Te , matters a great deal in the dynamics of instabilities. This is
provided that the plasma is in local thermodynamic equilibrium
(LTE), i.e., the populations of argon atoms and ions at different
energy levels follow a Boltzmann distribution. Hence, Te can be
determined via the equation

ln

(
Iλ

Akig k

)
=−

Ek

kTe
+C , (1)
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Table 2. Spectroscopic Data of Argon Lines Used in OES Diagnostics

Element Wavelength λ(nm)

Absolute Spontaneous
Transmission Probabilities

Aki(106s−1)

Transition Energy of Upper
Levels E k(cm−1) Statistical Weight g k

Ar-I 696.5431 6.4 107496.4166 3
706.7218 3.8 107289.7001 5
763.5106 24.5 106237.5518 5
772.4207 11.7 107496.4166 5
811.5311 33 105462.7596 7
842.4648 21.5 105617.2700 5

Ar-II 476.4864 64 160.239.4280 4
480.6020 78 155043.1619 6

Fig. 7. Te as a function of input power and gas pressure in (a) AGD, (b) FD, and (c) AD.

where I is the relative intensity of spectral lines, λ is the wave-
length, k is Boltzmann’s constant, g k and Ek are the statistical
weight and the energy of the upper level, respectively, and
Aki is the Einstein transition probability listed in Table 2. Six
spectral lines of Ar-I in Table 2 are used to calculate Te by Saha–
Boltzmann method. Note that the mean fitting error of spectral
lines intensity (that is, the area of each peak) is about 2.5%.

In Fig. 7, Te drops with increasing input power, as illustrated
when the gas pressure is constant. High-energy electrons gather
around the surfaces of the electrodes in the AGD [Fig. 4(a)], so
collision loss related to electrodes occurs constantly in the sheath
in Fig. 7(a). The input power contributes to the following: a
greater current density, which causes the electrode sheath to
contract, thereby accelerating electron quenching; and a higher
charged particle velocity because the voltage and edge effect
increase. In contrast, the voltage reduction as input power rises
[Figs. 5(b) and 7(c)] contributes to the FD and AD in Figs. 7(b)
and 7(c). Electrons gain less energy in the same distance owing
to the weaker electric field. As a result, the converse relationship
between input power and electron energy coupling should be
considered when adjusting parameters because the Te intends to
be constant as the power grows.

When the input power is kept constant, the Te changes as the
gas pressure increases, as illustrated in Fig. 7(a). In the AGD, the
current changes as the gas pressure rises, as discussed in the last
paragraph of the VCC section. This causes both the number and
kinetic energy of positive ions that reach the cathode surface to
increase. The high current also leads to more frequent collisions
between electrons and neutral particles. This increase of energy
consumption will be discussed in the next section. Although the
voltage increases in the FD and AD under the same power, as

Fig. 8. Te as a function of gas pressure when U = 0.8 kV.

illustrated in Figs. 7(b) and 7(c), the Te diminishes with greater
gas pressure. This is consistent with the explanation in VCC that
the mean free path has a major impact at higher pressures.

Figure 8 shows the values of the Te under different gas pres-
sures while the voltage is fixed at 0.8 kV. Because the measuring
pressure does not go below 100 Pa, there is no intense rise from
zero in the Te curves. The steeper gradient of the Te in the tran-
sition from the AGD to the FD means more frequent collisions
between electrons and neutral particles, which is consistent with
the statement in VCC that this is the primary mechanism at
lower pressure. Meanwhile, the decrease of the Te in the AD
is not as pronounced as in the FD because the discharge area
is altered more in the FD, whereas the position of the thin arc
cord is more stable in the AD. A dramatic variation of the Te ,
as a perturbation, could initiate the thermal instability during
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Fig. 9. Ne as a function of input power and gas pressure in (a) AGD, (b) FD, and (c) AD.

regime transitions, which is also evidenced by the following
discussion of ionization degree.

2. ElectronNumberDensity

Aside from the thermal effect, a chemical chain reaction is
also accelerated by charged active particles with low activa-
tion energy produced by collisions between electrons and fuel
molecules in space chemical propulsion. Consequently, the
presence of even a small amount of free electrons may effectively
improve combustion-assisted conditions. The value of full
width at half-maximum (FWHM) of the chosen spectral lines
could be obtained by function-fitting, as mentioned in the pre-
vious section. Instrument broadening, which is obtained from
the standard Ne/Ar light source, van der Waals as well as natural
broadening are removed to obtain stark broadening. Then, the
electron density (Ne ) is calculated from the following equation:

1λstark = 2× [1+ 1.75× 10−4Ne
1/4α×

(1− 0.068Ne
1/6Te

−1/2)] × 10−16ωNe , (2)

where α is the static ion-broadening parameter, and ω is the
electron impact half-width [40]. So far, we are able to use the
criterion Ne ≥ 1.4× 1014Te

1/2(1E )3 from McWhirther’s
work [41] to check the LTE assumption.

In Fig. 9, the Ne shows a trend opposite to that of the Te

(Fig. 7) under different external parameters. Electron cooling
means most kinetic energy of electrons has transferred to other
electrons and converted to internal energy of neutral particles.
The electron cooling here is accompanied by a decrease in the
Te and an increase in the Ne . In addition, the Ne can be esti-
mated from the luminance of the discharge area. For instance,
the brighter light-emitting layer in the AGD regime indicates
higher Ne as the input power increases in Fig. 9(a); similar
results are found in the work of Ivanavic et al. [42].

The Ne grows slowly from AGD to FD, as shown in Fig. 10.
Before the stable plasma in the FD is disturbed, the electron pro-
duction rate is equal to the quenching rate through the balance
reached by various reactions. Figure 10 shows the abrupt drop
of the Ne from the diffuse state (FD) to the constricted state
(AD) with the formation of a thin cord of current and increasing
current density. The fluctuations in the electric density seem
to be initiated in the boundary regions and trigger some types
of electronic instability, which supported by the discussion in

Fig. 10. Ne under different gas pressures when U = 0.8 kV.

Section 3.C, on spatial resolution. To give a clear analysis of
discharge instabilities at the collisional level is quite complex
and needs more elaborate information about production and
loss mechanisms.

Furthermore, recent works have clearly shown that the
main cause of constriction in argon at intermediate pressure
(104
−105 Pa) is the kinetic mechanism of the energy distribu-

tion, which inhomogeneous heating does not affect [43]. Owing
to the finite volume of the discharge, constriction is caused by
all changes of discharge regimes because they have an inherent
spatial relationship. Hence, the spatial resolution is investigated
later to verify this type of electronic instability.

3. IonizationDegree

The input power efficiency, characterized by the ionization
degree (x ), is quite useful for thrusters that have strict require-
ments for energy consumption and volume limitation. It is
worth noting that the behavior of the ionization degree gives
supplementary information to verify the leading role of the
thermal effect in the transition from the AGD to the FD. As a
significant quantitative index, the ionization degree is assessed
by measuring the intensities of the spectral lines of atoms and
ions.

The Saha equation under LTE conditions is
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Fig. 11. Degree of ionization as a function of input power under
different gas pressures.

ln
x j

1− x j
= ln

Ii, j

Ia , j
− ln

Ai g iλa

Aa g aλi
+

ln
Zi

Za
−

5040

T
(E i − Ea ), (3)

where the subscript i stands for ions and a stands for atoms, and
Z is the partition function given by

Z =
∞∑
j=0

g j exp(−E j/kB T). (4)

The effect of the input power on ionization degree has no
particular law in Fig. 11. Only one curve of ionization degree in
the AD regime is shown because there is little difference in each
pressure case. Although the Ne increases along with input power
in each regime, the ionization degree is not a monotonic func-
tion. Previous work [43] has found that thermal effect, which
is characterized by the Te , influences the ionization degree to
some extent. This shows that the longitudinal oscillation of each
pressure case, especially in the AGD regime, is mainly caused
by the coupled interaction of the Te and Ne , which has a trend
opposite to input power. In addition, general ranges of ioniza-
tion degree in three regimes are determined from Fig. 11. Under
the same input power, the ionization degree basically decreases
as the pressure rises.

A more obvious trend is shown in Fig. 12: that the ionization
degree varies inversely with the gas pressure. This shows that the
increase rate of the atomic density is higher than that of the Ne

as pressure rises (Fig. 10). Furthermore, the ionization degree
declines sharply during the transition from the AGD to the FD,
which is primarily dominated by the Te , shown in Fig. 8. To a
certain degree, this verifies the leading role played by thermal
instability in this transition. Nevertheless, there is no significant
difference between the FD and AD; only a small decrease in AD
is caused by contraction of the plasma region.

C. Spatial Resolution

1. Spatial Resolution of PlasmaProperties

Electronic instability, which leads the transition from the FD
to AD, influences the plasma properties according to collision
kinetics. In what follows, we mainly compare the FD with the
AD to test the reliability of the result. Spatially resolved spectra

Fig. 12. Degree of ionization under different gas pressures when
U = 0.8 kV.

Fig. 13. (a) Te and (b) Ne with spatial resolution when
U = 0.8 kV.

were obtained by measuring the emission light within 4 mm
from the bottom surface of the cathode [Fig. 2(c)].

The Te drops as a function of distance from the cathode in
Fig. 13(a). The thickness of the cathode sheath is estimated to
be of magnitude 101

−102 µm because the range of the current
density is 104

−106 A/m2. Both the diameter and distance of
the nearest point to the cathode are 1 mm, which contains the
plasma sheath area. The trend of Te on the axis can be explained
as follows. First, electrons absorb energy from the electric field
of the sheath and induce secondary electrons emitted from the
cathode surfaces. The weaker electric field and greater density
of atoms causes electrons to collide more and consume more
energy as they move further from the cathode.
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Fig. 14. Spatial distributions of metastable argon under different
gas pressures in (a) AGD, (b) FD, and (c) AD.

In Fig. 13(b), the Ne on the axis from the FD to the AD
increases on the whole. The maximum value occurs at the point
closest to the cathode from 2 to 5 kPa, which proves that the Ne

suddenly changes during the transition from the FD to the AD.
This is probably caused by the electrons emitted at the cathode
surface owing to field-enhanced thermo-emission after the
contraction of the discharge area. The Ne soars in the sheath
area, which means the plasma boundary develops runaway
ionization or the ionization wave results in regime transition.
This conclusion is reinforced by the similarities between these
results and the identical behavior observed in DC microplasmas
by Baeva et al. [44] and seen in other work [45].

2. Spatial Distribution ofArM

The EEDF is also determined by the excited state population
and influences electronic instability. The information obtained
via the PLIF supports the OES data; for example, some features
of excitation of 2p atoms can be traced to the behavior of spec-
tral lines. The PLIF of ArM (the excited population of 1s 5 argon
atoms) in the plasma region is shown in Fig. 3 to validate the
foregoing discussions from a different point of view.

The photographs in Fig. 14 show the two-dimensional
fluorescence signal of ArM , which demonstrates the spatial
distributions of the ArM at various gas pressures. In the AGD
regime of Fig. 15(a), the intensity of ArM fluorescence signal is
higher on the side nearer to the laser sheet, perhaps owing to the
scattered light of electrodes or target particles not excited with
insufficient laser energy because of the strong laser absorption
along the way. Qualitatively, the ArM relative number increases
as pressure grows, which is reflected in the higher emission
intensity of spectral lines with same upper 2p2 level in the OES
spectra, such as line peaks at 772 and 826 nm. Increasing pres-
sure leads to a decrease in direct ionization with respect to the
step ionization, which raises the 1s 5 relative number, as previous
work [46] demonstrated through reaction rates of dominant
kinetic processes. This also can be a reference for the current
study of streamer-like instabilities in an AGD-type cathode
region [47]. In Fig. 14(b), electrodes spots form, as we discussed
for Fig. 4(b). The head of the electron avalanche and arc con-
striction are distinguished clearly in Fig. 14(c) on the basis of
streamer theory.

Excited atom distribution is affected by the Ne and Te when
the discharge is in the LTE state. However, the effect of the Te

on the distribution is very small, since it is below 1.5 eV (Fig. 8)
compared with Ne , whose range of variation can be several
orders of magnitude larger in Fig. 10. Therefore, the gradient of
the ArM relative number is greater in the first transition, from

Fig. 15. Number of metastable Ar atoms (1s 5) among the three
regimes when U = 0.8 kV.

the AGD to the FD, as its line chart under different pressures
is shown in Fig. 15. Representing the thermal instability, the
Te has a large variation while the Ne changes little. By contrast,
the Ne increases by 1 order of magnitude of during the second
transition, from the FD to the AD. However, the growth rate of
the AD is obviously less than for the AGD and FD. Hence, the
effect of the Te seems more important during the first transition.
The abrupt drop in ArM verifies the primary role of electronic
instabilities in the transition from the FD to the AD. This is
because the evolution in the electronic excited state population
under different conditions can be a perturbation. The change
in ArM, when coupled with a change in the electron energy
distribution, leads to disorders in collision processes. This causes
a positive feedback on the electronic instability and accelerates
a transition from the relatively unstable diffuse mode to a much
stabler AD.

4. CONCLUSIONS

In this work, both OES and PLIF were used to simultaneously
determine plasma properties of specific parallel-plate cop-
per electrodes within an argon discharge under a simulated
environment of aero-propulsion. The results are listed in the
following:

1. Discharge regimes of AGD, FD, and AD were distin-
guished based on the VCC as gas pressure increases from
0.1 to 15 kPa.

2. Sharper declines in both Te and ionization degree are found
from the AGD to the FD, which verified thermal instability
plays a primary role in this transition.

3. Electronic instability becomes the dominant mechanism
in the transition from the FD to the AD. This is related to
collision kinetics, as shown by the abrupt drop observed in
both Ne and number density of the 1s 5 ArM . The depend-
ence of the spatial resolution on this electronic instability
was also discussed.

4. A pressure of 1 kPa with a maximum input power of 17.5 W
is a more suitable working condition when applied to
microthrusters as well as space engineering. This is because
the FD has a larger effective discharge region, which pro-
longs the reaction time, and leads to higher Ne and better
stability.
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In summary, this study has provided fundamental data for
online measurements in aerospace engineering, which is neces-
sary for using external conditions to manage an optimal plasma
state and predict regime transition.
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