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Abstract

The electron density (n,) and argon metastable density (1ss) of a 43 GHz microplasma are obtained using the Zero-
Dimensional Plasma Kinetics solver (ZDPlasKin®) for an incident power of 160 mW and 1000 mW and argon pressures of
10 to 600 Torr (1.3x103 to 8.0x10* Pa). These simulations are compared with previously published experimental data. To
determine the self-consistent electric field in the modeled plasma, the three-dimensional millimeter wave fields are computed
as a function of electron density using ANSYS EM19.2, HFSS®. This electromagnetic field model is coupled to ZDPlasKin
such that any increase in the simulated plasma density correctly attenuates the simulated electric field within the
microplasma. The electron density is found to be sensitive to argon gas temperature, so a two-zone temperature model was
needed to obtain agreement with experimental measurements. The temperature in the central core of the microplasma was
determined by a previous experimental study. That temperature was used as input to the model for the simulation of volume
recombination losses. The outer regions of the microplasma are assumed to be in equilibrium with the walls (300 K). This
second temperature was used in the model to determine diffusion losses. The modeled electron and metastable density are the
order of 10%2° m™2 and 10*® m~3 respectively. This is in a good agreement with those measured experimentally as long as
the two-zone temperature model is used. In the absence of a hot gas core, the modeled three-body recombination rates are
excessive and the simulation severely under-predicts the electron density and over-estimates the metastable density. We
conclude that the millimeter wave microplasma has a hot core (2500 K at 600 Torr) that rarifies the argon gas and
effectively reduces three-body recombination. This allows one to achieve high electron density on the order of 102° m=3 with
only 100 mW of wave power.

approaches the “THz gap” (0.1 to 10 THz), where power
1. Introduction sources are technically challenging and electromagnetic losses
begin to dominate in the materials used to form the
microplasma sources. This causes the generation and study of
electromagnetic interactions with microplasmas to be
challenging at extreme frequencies.

Microplasmas are sustained throughout much of the
frequency spectrum including DC [1], AC [2], [3], RF [4], [5],
as well as the microwave [6], [7] and millimeter wave bands
[8]. For instance, in the AC domain plasmas can be ignited by
using a dielectric barrier discharge (DBD) [2], [3] in order to
operate as sources for emission spectrometry. In the
microwave domain, microplasmas have been created using
structures such as split ring resonators (SRR’s) [9]-[11] and
photonic crystals (PhC’s) [12], [13]. Beyond the microwave
spectrum, there is interest in understanding the behavior of
plasma interactions in the millimeter wave [14] and in the THz
bands [15]. As the frequency increases, however, one

To experimentally observe microplasma approaching the
terahertz range, photonic crystals have been used to create an
electrodeless plasma in the millimeter wave (MMW) band at
43 GHz [16] and 94 GHz [17]. Because a PhC is readily scaled
into the optical band, this method offers a technical path
toward THz plasma generation.
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Several microplasma models have been published [18]-
[20] in the low THz range (up to 400 GHz). These models only
agree for the frequencies below 10 GHz where benchmarking
data are available. Unfortunately, the models diverge for
higher frequencies. Hence there is a need to have experimental
benchmarking data for high frequency operation. Recently,
spectroscopic diagnostics [21], [22] have been used to
determine some basic parameters of the plasma at 43 GHz.
Among these parameters are the electron density n,, the argon
metastable density of the 1ss excited state, and the gas
temperature. These new data will be used to guide and validate
the model presented in this work.

This paper develops a self-consistent model for the MMW
microplasma. The model results are validated using
experimental data for the electron and metastable argon
density of a microplasma at 43 GHz [21], [22]. This paper is
organized as follows: In Sec. Il, the microplasma kinetic
model is described. A separate electromagnetic model
calculates the electric field in three dimensions using the
Drude model derived from the plasma solution. This field is
iteratively coupled to the plasma model for self-consistency.
In Sec. 111, the results are presented, including a comparison
of the argon metastable density and the electron density
between the model and experiment. These results are
interpreted in Sec. IV

2. Plasma model

In order to better understand the behavior of the MMW-
excited microplasma, a zero-dimensional plasma model has
been created and solved using the ZDPlasKin software [23], a
plasma Kinetics solver developed at the Laboratoire des
Plasmas et Conversion d’Energie. Using the BOLSIG+ solver
[24], the Boltzmann equation can be solved to calculate the
electron energy distribution function (EEDF), and in turn to
determine the rate constants for all specified plasma reactions
in the model. The plasma model, however, requires an external
calculation of the MMW electric field that must be consistent
with the modeled electron density. This self-consistent EM
model is described later in the section.

2.1 Plasma model description

The input to the plasma model includes gas type (argon),
the electromagnetic wave frequency (f in Hz), the electric
field (E in Vm™1), gas pressure (P, in Torr) and temperature
(Ty in K). These are used to calculate the gas density (N, in
m~3), the reduced electric field (E /N, in Td), and the reduced
frequency (w/Ny in rad.m®.s™"). Specifying the size of the
plasma, which is limited by the copper frame as shown at the
bottom of Fig. 1, allows for diffusion losses at the boundary
walls.

Included charged species are electrons e, the atomic ion
Ar*, and the molecular ion Ar,*. Considering that metastable
density 1sg is the most predominant within the 1s level [25],
and for simplicity purposes, the different excited neutral states
of argon are lumped into effective 1s and 2p states. Also, one
effective excited level of the neutral argon dimer Ar,", is
included. The argon metastable state density is sensitive to
impurities, so OH molecular fragments are included. These
represent the most common vacuum system impurities from
outgassing of water vapor. A density OH,; = 3.2x102° m~3 is
considered, by assuming a base vacuum pressure of 10~2 Torr
after evacuation [22].

The plasma model considers 25 reactions, among which are
electron-collisions, 3-body recombination, radiative transition
and quenching from outgassing species. These reactions are
presented in Table | with their reaction rate constants. Some
of these rates constants are dependent on T,, T, and T,
(vibrational temperature), considering this latter for the Ar,
species. For instance, in reaction 11, T,;;, is assumed to be
close to T, [26], which is true in our case where vibrational
temperatures in the experiment (obtained from the LIFBASE
curve fit) ranges from 2700 to 3200 K [21]. Therefore, T
will be estimated using T, in the model. Using BOLSIG+®,
the rate constants for electron-driven reactions are calculated
through the cross section data from the IST-Lisbon database
[27], [28] via the LXCat [29]-[31].

In the model, the losses of the charged species from the
plasma are considered by using the diffusion loss rates. These
losses are due to the ambipolar diffusion, and the rate constant
is estimated by considering the plasma as a rectangular box
(LxWxH) with cosine density profiles along the x, y and z
axes. Then, the diffusion rate is calculated from vg;rf =
D, /A, where A is the effective diffusion length (in m?) given

by:

2 2\ "1

A=(E+En) O

However, in the photonic crystal plasma, the plasma is
unbounded in the x- and y- directions. So, the most important
surface loss is to be found on the z axis as shown in Fig. 1,
hence we only considered H = 2.8 mm. The diffusion
coefficientis D, = u;(kzT./e),inm?s~1, where y; and T, are
the ion mobility (in m2V~1s~1) and the electron temperature
(in K), respectively. For Ar* in atmospheric pressure and
standard temperature (273 K), the mobility is found to be
1.5x107* m2V~1s~1 [32], [33]. This value is scaled for all
pressures in this work as follows [32], [34]:

_ 760 Torr Tg
Hi=Ho Py 273K

@
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Table I. Reactions for the plasma model.

# Reaction Rate Constant Units Reference

1 e+ dr—etetArt Bolsig+ ™/ [27]. [28], [35]

2 e+ Ar - e + Ar(ls) Bolsig+ ™/ [27], [28]

3 e+ Ar - e + Ar(2p) Bolsig+ mg/s [27]. [28]

4 e+ Ar(ls) - e+ Ar Bolsig+ m3/S [27], [28]

5 e+ Ar(2p) - e+ Ar Bolsig+ m3/s [27], [28]

6 e+ Ar(1s) - e+ Ar(2p) Bolsig+ m3/S [36], [37]

7 e+ Ar(2p) - e + Ar(1s) Bolsig+ m*/g [36], [37]

8 e+ Ar(ls) > e+e+ Art Bolsig+ ma/s [38]

9 e+ Ar(2p) s e+e+ Ar* Bolsig+ m®/e [38]
10 e+Ar," 5 e+e+ Ant Bolsig+ _ m3/s [39]

. 1.04x10712 (3007, [K])W 1=l E_ﬁ 3
11 e+ Ar,” - Ar(2p) + Ar ° 1—031e Tuib[K]) m°/c [26], [33], [40]
. , iz, (T ) m?

12 e+ Ar," > e+ Art + Ar 1.11x10"%e /s [33], [40], [41]
13 e+Ar," 5> e+ Ar + Ar 1.0x107" m3/S [42]
14 Ar(1s) + OH - Ar + OH 4.0x10716 m*/g [43], [44]
15 | Ar(1s) + Ar(1s) > e+ Ar* + Ar 1.75x10~(T, [eV])/? m3/S [33]. [40], [45]. [46]
16 Ar(2p) + Ar - Ar(1s) + Ar 5.0x10718 m3/s [33], [40], [45], [47]
17 Art + Ar + Ar - An,* + Ar 2:50x107% (300/Ty[K]) mé/s [33], [40], [42], [48]
18 | Ar(1s) + Ar + Ar — Ar," + Ar 3.3x107* me/¢ [33], [40], [42], [45]
19 | Ar(2p) + Ar + Ar - Ar," + Ar 2.5x10~% m°/g [33], [45], [47]
20 Ar(2p) — Ar(ls) 4.4x107 st [40], [49]
21 Ar(1s) - Ar 3.1x10° st [40], [49]
22 Ar," - Ar + Ar 6.0x107 st [40], [42]
23 e - e(wall) Vaiff s [32]-[34]
24 Art - Art(wall) Vaiff s [32]-{34]
25 Ar,t - Ar,t (wall) Vairf st [32]-{34]

where u, = 1.5x10~* m?V~1s~1 is the reduced mobility and  solution of the EM model will allow the coupling between two
Py isin Torr. models by determining the MMW electric field as a function
of electron density as described in the following sections.

The plasma model is accompanied by an EM model of the ]
photonic crystal and plasma. The EM model was solved by 2.2 Electromagnetic model
using ANSYS EM19.2, HFSS®. In Fig. 1 the PhC and

; : = : In plasma modeling, there is a self-consistency challenge:
microplasma configuration is shown. In the upper perspective

the absorbed power depends on the electric field that in turn

view, the top of the PhC is removed to reveal the inner  yenengs on the electron density. In DC plasmas it is relatively
structures. The photonic crystal consists of a two-dimensional simple to know how much power is dissipated by the plasma

array of alumina rods (11x7) held by a copper frame. MMW 3 thus to calculate the electric field) because there is a

power enters and leaves the PhC through two rectangular  conqyction current that circulates between the electrodes.
wave ports in the copper frame. The central rod of the array

has been removed to form a vacancy within the crystal where Unlike DC plasmas, in this study in the millimeter wave
the microplasma is generated. The vacancy acts as a resonator  \\w) range, there are no electrodes nor external conduction
to provide a strong MMW electric field to ignite and sustain ¢, rents, There is a complex relationship between the net

the plasma. A detailed description of the PhC configuration  no\ver p_ to the resonant PhC system and the internal electric
can be found in the previous reports [21], [22], [50], [51]. The
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field of the plasma. A way to estimate this relationship is
through an EM model that uses the Drude equations for the
plasma. This simulation method allows one to find the electric
field’s dependence of the electron density and achieve a
simple coupling with the plasma model, by self consistently
computing an EM field for every modeled plasma density.

Fig. 1 The photonic crystal geometry and the EM model used for
coupling the incident millimeter wave power to the kinetic model.

To model the plasma within the PhC, an electron density
gradient has been considered as shown in Fig. 1. This gradient
is simplified as a step-wise geometry composed of 10 shells.
Each shell is filled with a specified electron density labeled as
Mgy, Nep,..- Moy With the respective radius ry, 1y,... 17, by
following the Drude model:

. Vm~5.7x10°P, % @)

2
e’ne

wpe? =
Me€o

() 0 Cw) (™)

r=1- , =
g‘r 1+(vm/w)2 T 1+(vm/w)2

(4)

where w and w,, are the MMW driving frequency and the
plasma frequency respectively in rad s™*, m, is the electron
mass in kg, &, is the vacuum permittivity in F/m, v,, is the
collision frequency in s7%, &' and &.'" are the real and
imaginary part of the relative plasma permittivity. Using a
simple diffusion model [51] to approximate the electron

density distribution, the radially symmetric plasma was
modeled by assuming that there is only ionization at the core
of the plasma. Then, the radial distribution of the electron
density is given by:

— Rmax (ﬁ_ Ro )
ne(r) Tteo Rmax—Ro \' 7 Rmax (5)

The EM model is pre-solved by calculating the central electric
field strength as a function of core electron density: from n,,=
0 (no plasma case) to n., = 1.0x102° m~3 (high power and
pressure case). This range is consistent with the magnitude
found in the previous reports [21], [51]. In equation (5) R,qx
is the maximum plasma radius obtained from the plasma
contours in a previous report [22]. The central plasma core
radius is estimated [51] to be Ry, = 0.07 mm, and r, is the
radius of every shell in the Drude model given by:

Rmax 01n
T = Ro (T) (6)

Note that for every pressure, the collisional frequency v,,
depends on the pressure itself, but also on the gas temperature
at that pressure as described in equation (3). The neutral argon
temperatures used in the EM model were taken from
measurements in Ref. [22].

3500 O Navarro,43 GHz 100 mW

O Navarro, 43 GHz 1000 mW
3000 | —¥— Curve fitting

[K]

2500

N

[=]

o

o
T

Gas Temperature, T
]
(=]
o

1000 - o
o
500
0 . . . . .
10 20 40 80 160 320 600

Pressure, Pg [Torr]
Fig. 2. Curve fitting of argon gas temperature estimated by

Lorentzian line shape of the absorption profile at 811.53 nm by using
laser diode absorption spectroscopy as a function of the pressure.

This core gas temperature was measured within the central
region of the plasma and plotted in Fig. 2. The data are fitted
(blue curve), and the result is used in the Drude model, as well
as for neutral-neutral and three-body collision rates in the
plasma model.

3. Results
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3.1 Electric field vs electron density

Fig. 3 shows the core electric field from the EM model as a
function of the electron density and pressure of the plasma.
For practical purposes, this magnitude was taken as a single-
point measurement at the core of the plasma volume. The
discrete values of E are represented by the circles in each
curve. The computed values of E are fitted by using a 10%-
degree polynomial function for each pressure and represented
by the solid lines in Fig. 3. These fitted functions are
incorporated into the plasma model. As expected, a decrease
of the electric field can be observed as the electron density
increases due to higher plasma conductivity. Somewhat
contrary to intuition, however, as pressure increases the
electric field is higher for a constant value of electron density:
the plasma having a smaller volume at high pressure,
dissipates less power, giving rise to a higher electric field. For
the EM model, only two net power levels were solved. For the
low (160 mW) and high (1000 mW) net power, the nominal
values of the electric field correspond to E = 0.7x10% Vm™!
and E = 1.75x10° Vm™1 respectively.

1.75§ o 10 Torr

T

! 20 Torr
! © 40 Torr
! 80 Torr
! © 160 Torr
1 © 320Torr-
1

|

1

1

-
(4]

-

N

(3]
T

600 Torr-

o
e ~
o o -
\ —

o
o
B2
T

Core electric field, EF [x10°% vm™]

0 0.2 0.4 0.6 0.8 1

20 -3

N [x10°" m™]
Fig. 3 Electric field at the core of the plasma as a function of the
electron density for P,.; = 1000 mW and different gas pressures
(1.3x103 to 8.0x10* Pa). Discrete values from the EM model are

shown as circles, and the curve fitting functions are shown as solid
lines.

3.2 Self-consistency of the electric field

To demonstrate the self-consistent iteration of the electric
field between the plasma model and the EM model, a single
pulsed discharge is presented in Fig. 4. At the onset of the EM
pulse, the plasma density is low and the electric field is that of
the empty PhC (1.75x10° Vm™'). During the breakdown
phase of the plasma, the electron density increases and the
modeled electric field decreases due to plasma damping of the
PhC, wave reflection, and shielding by free electrons. At
approximately 10 us after the beginning of the pulse, the

electron density and internal electric field reach the steady
state. At 350 us the EM pulse ceases (E = 0) and the plasma
density decays back toward zero.

The pulsed simulations are presented for 40 Torr and
160 Torr. The self-consistent plasma simulations may be
compared with the EM simulation of Fig. 3 at n, =
3x10*° m™3, for 40 Torr (point a) and 160 Torr (point b).
We note that E~0.25x10° Vm~! and E~0.65x10° Vm™! can
be observed, respectively, which match with the fields marked
(a) and (b) in Fig. 3. This demonstrates that the method for
self-consistent calculation of the electric field between
ZDPlasKin and HFSS functions well.

3.3 Electron density

In this section the modeled electron density is compared
with experimental measurements of the microplasma. We
first present the results obtained by assuming a constant gas
temperature (300 K). The disagreement between model and
experiment, noticeably at higher gas pressures, leads to the
development of a two-temperature model. This improved
model uses a hot core temperature to model gas rarefaction
and a reduction of three-body and neutral-neutral collisions.
The two-temperature model assumes a cool outer boundary
temperature to accurately predict the slow diffusion loss rates
through denser gases at the periphery.

29
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(3 ] ! 1021 2
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Fig. 4. Evolution in time of the core electric field (black and blue
curve) and electron density (yellow and red curve) for a pressure of
40 Torr and 160 Torr (5.3x103 and 2.1x10* Pa), and P, =
1000 mW.

For the constant gas temperature assumption, the modeled
electron density is shown in Fig. 5. Note that for the
experimental data [21], [51], the electron density increases
monotonically with pressure. The modeled density is
comparable to the experiment for low pressure, but at higher
pressure the simulations predict very low electron density,
suggesting a problem in the plasma model.
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In order to find the reasons for this inaccurate behavior, the
neutral-neutral and three-body collisions in the model
reactions were addressed. Recent experimental evidence
suggests that the microplasma has a small, hot core during
high pressure operation. Gas rarefication in this hot core can
dramatically alter neutral collision rates. In Table 1, we note
that reactions 11, 12, 15, and 17 are dependent on gas
temperature and are related to the loss and production of
electrons.

3170 kim, 43 GHz 200 mW ! !

O Kim, 43 GHz 1000 mW
- © —Model 160 mW
= © =Model 1000 mW
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Fig. 5. Preliminary comparison (T, = 300 K) of the electron density
from the experimental data [21], [51] (black and yellow circles) and
plasma model (blue and red curves) as a function of the pressure.

To improve the performance of the model, we introduce
two gas temperatures. The first temperature represents the
boundary of the plasma and controls diffusion losses via Eq.
(2) to the solid surfaces of the PhC (T airr = 300K). A

second temperature uses data for the experimental gas
temperature which was measured at the core of plasma
(Tyeore). This core temperature depends on pressure and is
found in Fig. 2.

Fig. 6 shows the improved results for the electron density
by having taken into account the large spatial variation in gas
temperature. In this case, the electron density tends to increase
with pressure in agreement with the experimental results. The
newly computed electron density at high pressure (above
80 Torr) is much higher and comparable to the experiment.
The simulated density at low pressure remains almost the
same. This is because at lower pressure (10 Torr and
20 Torr), Tycore is close to 300 K, so there was not much
influence on the rate constants. Hence, the electron density
was not too inaccurate in the simpler one-temperature model.
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Fig. 6. Comparison of the electron density from experimental data
[21], [51] (black and yellow curves) and plasma model (blue and red
curves) as a function of the pressure, by including experimental core
gas temperatures Tyeore in the model.

3.4 Metastable density

To further validate the model, Fig. 7 compares the lumped
Ar(1s) excited state density with recent measurements using
laser diode absorption spectrometry of the Ar(1ss) state. The
metastable density is observed to decrease for higher pressures
in both cases. The loss of metastables is due to electron impact
ionization of the excited states, which increases the electron
density at higher pressures. The prediction of the model is not
perfect, but it produces the correct trend and a reasonable
density for a relatively simple model. As was the case for
electron density, the two-temperature model was also
important in achieving the agreement shown in Fig. 7.

< 3 O Navarro, 43 GHz 100 mW
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Fig. 7. Comparison of the metastable density for the experimental
data [22] (black and yellow curve) and plasma model (blue and red
curve) as a function of the pressure, by including Tjcore in the model.
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3.5 Electron temperature

In addition to the electron and metastable density, the
electron temperature T, reduced electric field E/N, and the
3-body recombination rate (reaction 17) are shown in Fig.8 for
a net power of 1000 mW.
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Fig. 8. Modeled electron temperature (blue curve), reduced electric
field (red curve) and the 3-body recombination rate (reaction 17 in
yellow curve) as a function of the pressure for a P,.; = 1000 mW.

The electron temperature in the microplasma increases with
argon pressure because the losses due to 3-body
recombination are increasing. An increase in T, is needed to
enhance the ionization rate to compensate for additional 3-
body losses. This loss mechanism forces a higher electon
temperature even though there is a decreased reduced electric
field inside the plasma.

4. Discussion

Recent experimental measurements show that the argon
microplasma consists of a hot, dense core (T, =~ 2000K,
Neo ~ 10%2° m~3) that is surrounded by a cool, diffuse plasma.
The previous section demonstrates that modeling the
microplasma using a simple, uniform gas temperature does not
accurately predict the experimentally observed behavior. If
the gas temperature is uniformly hot, then diffusion losses are
too rapid. On the other hand, if the gas is uniformly cool then
neutral-neutral and three-body collisions are too frequent.
Both errors result in decreased electron density.

Although this plasma kinetic model is zero-dimensional,
we show that reasonable agreement with experiments is
possible if (a) diffusion losses to the room-temperature
boundaries are assigned a single low temperature (300 K), and
(b) those collisions that depend on gas density within the
microplasma’s core are assigned an elevated temperature.
Experimentally, the core temperature is found to be an order
of magnitude greater than the boundary region. This

temperature gradient causes some collision rates to decrease
by one to two orders of magnitude. For example, the loss of
the Ar,* ion through recombination  collisions
(A7)=>(11)~>(5) is suppressed in the hot core, allowing for the
observed electron density on the order of 102° m~3.

Previously published models for microplasmas in photonic
crystals [12] and for microplasma sustained by MMW and
THz radiation [18]-[20] have assumed a single, uniform gas
temperature. This simplifying assumption is reasonable at low
gas pressures for which three-body processes are unimportant
[12]. However, as more sophisticated models are developed,
the evidence suggests that modeling both gas heating and
temperature diffusion are critical to capturing the correct
physics.

5. Conclusion

In this work we have modeled an argon microplasma at 43
GHz using ZDPlaskin and BOLSIG+ plasma kinetics solvers.
In order to determine the self-consistent internal electric field
from the incident wave power, a separate three-dimensional
electromagnetic model was solved using ANSYS HFSS.
These two models were associated with each other through a
simple coupling, using the EM field vs. electron density
function derived from the EM model. Therefore, the internal
electric field is found in a consistent manner from modeled
plasma density.

Electron density (n,) and argon metastable density (1ss)
were compared with those found experimentally in previous
reports. Despite the difficulty of approaching a complex three-
dimensional plasma with a zero-dimensional kinetic model,
the modeled parameters are in a reasonable agreement with the
experiment, but only if the experimental core gas temperature
was considered. This observation suggests that microplasma
modeling at these frequencies is rather sensitive to the gas
temperature at the core of plasma. Accurate first-principles
models should carefully consider gas heating and steep
temperature gradients.

In future work, we will study the diagnostics and modeling
of the pulsed microplasma at 43 GHz as well as at 94 GHz.
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