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Numerical and experimental study of laser initiated microwave discharge

trace temperature
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A numerical and experimental study of the trace temperature of a microwave discharge initiated by a laser in
air is carried out. The amplitude of the microwave field strength is 2.0kV/cm, discharge is ignited at pressures up
to 6.66 kPa; the duration of the microwave radiation pulse is 2.5 us. The use of 10ns laser pulses with an energy
of 200 mJ and a wavelength of 532 nm makes it possible to obtain an initiated subcritical microwave discharge at
a pressure of 10.6kPa. The dependences of the discharge trace temperature on time with initiation up to 200 us
and a pressure of 5.33—10.0kPa are given. The trace of the discharge is hot, the temperature is about 1000 K,
which corresponds to the trace of a filament discharge. The numerical model confirms the possibility of obtaining
a filament subcritical microwave discharge at low pressures of about 10kPa in a few us due to laser initiation. The
model is based on those known in the literature and is modified with explicit consideration of photoeffects during
the solution. The consistency of the results of trace temperature calculations and interferometry, taking into account

the uncertainty of 25 %, is achieved in the first 20 us after switching off the microwave radiation.
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Introduction

Plasma, that may heat the medium, initiate chemical
reactions and generate radiation, has many applications.
Plasma may be used for plasma conversion of fuel [1],
plasma ignition and burning of mixtures [2,3], as well to
control gas-dynamic flotations and body floatation [4,5].
The higher the temperature and degree of ionization, the
stronger the plasma effect.

One of the methods for producing gas-discharge plasma
is the use of strong very-high frequency (microwave-MW)
radiation. = The Paschen curve allows determining the
required power to produce a discharge under specified
conditions: pressure, composition of the medium [6]. A seed
electron is needed, from which an electron avalanche will
develop in a powerful electric field. Over time, the number
of electrons will increase, and the external electric field
will be distorted by the avalanche. An avalanche-streamer
transition will occur with the appearance of the streamer. At
low pressure this transition is initially diffusive. This type
of discharge is characterized by relatively large transverse
dimensions, as well as gradually changing characteristics:
luminescence, Joule heating, medium temperature, etc.

An important further stage in the development of the
discharge for rapid energy input into supersonic flows and
ignition of fuel mixtures is the filament stage. Filaments [7,8]
are the narrow hot (constricted) plasma channels. Their
formation is associated with ionization-overheating instabil-
ity [6,9]. Over time, the temperature in plasma increases,
the conductivity goes up, the Joule heating power grows,
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and then the temperature rises even faster, etc. The
process of instability development accelerates. The initially
diffusive ,,wide® streamer becomes filamentous. Filaments
are distinguished by high temperature: not less than
1000K [8,10).

The duration of transition to the filament phase signifi-
cantly depends on power and frequency of the radiation,
and on pressure of the medium. With a decrease in radiation
pressure and power, it is more difficult to obtain filament
phases. The typical waiting time of the filament phase is
approximately 10 us at a pressure of 6.66 kPa and radiation
frequency of 7.5 GHz, MW intensity of 3.4kV/cm [8.10].

In the framework of this study, it is important to
consider examination in theoretical and numerical analysis
of the properties of a microwave discharge. A number of
them use experimental data directly and allow them to be
processed. In papers [11,12] , the relations between the
experimental plasma dimensions and its averaged properties
are derived. A semi-analytical one-dimensional model
is presented in paper [13] for describing a microwave
plasmoid, reproducing the known dynamics of a microwave
discharge and experimental data. However, it is difficult to
add certain effects to the models of this type. There are
numerical models with a large number of equations and
complex analysis that may analyze the discharge dynamics
and plasma effects individually using basic equations and
general material properties [8,14-16]. Such models allow
accounting for various sets of reactions depending on the
study purpose.
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Studies are known describing ,Fast gas heating“ by
plasma [4,17-20]. In the non-equilibrium plasma with
powerful nanosecond power (including microwave [21]),
the hot electron gas creates intensely excited states of
components that can transfer energy to the medium during
further reactions. The effect of accelerating such reactions
in the presence of atomic oxygen is noted [22].

Focused laser radiation ensures reactions of the multi-
photon or tunneling ionization occurring in the media [23].
In the first case, the frequency of the photoionization
reaction significantly depends on the wavelength of the laser
radiation. In a short time, several photons with a total
energy sufficient to ionize the target molecule should enter
it. The longer the wavelength, the more photons are needed,
and the more difficult it is for all of them to hit the target
in a short period of time. Higher intensity of laser radiation
simplifies this process, and the frequency of photoionization
increases exponentially [24]. With a certain intensity, the
strength of the laser radiation becomes high enough so that
the probability of an electron detachment from the molecule
and its overcoming the potential barrier of Coulomb’s force
as a quantum object becomes noticeable. This process does
not depend on the wavelength of the radiation and the
energy of a single photon. Keldysh number y — ratio of
the frequency of laser light w55 to the frequency of electron
tunneling through a potential barrier
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where me and e — the mass of the electron and elementary
charge, | — the ionization potential of the atomic level,
Ejas — the amplitude of the electric field of laser radiation.
This number is used to determine the choice between
the two studied photoionization mechanisms. For the
multiphoton ionization, it shall be greater than one.
Intensive photo-ionization will definitely change the devel-
opment of a microwave discharge. The stages of avalanche
development and transition to the filament form may be
skipped or significantly shortened. MW discharge may start
to develop from a highly ionized trace of a laser spark
already significantly heated [25,26]. It is also known [25],
that on an extended conductive laser track (without a
spark) it is possible to obtain a microwave discharge with
a reduced ignition threshold in terms of radiation power.
In the study [27], filamentous microwave discharges were
obtained in a waveguide with a fuel mixture; with the help
of femtosecond laser radiation, the ignition threshold was
lowered by 50 %, ignition of the methane-air fuel mixture
was ensured, which should mean a sufficient level of energy
input into the mixture, despite the reduced radiation power.
Numerical models of laser radiation are available in the
literature [28], in which the distribution of laser radiation
intensity is calculated using optics equations. A more
cost-effective alternative may be to specify the analytical
distribution [29], suitable in case of negligible absorption
of radiation by the medium. The intensity distribution
is necessary to calculate the rates of photo-reactions.

The tunnel ionization model [30-33] is used if Keldysh
parameter is less than one. The authors of this paper have
previously searched for a way to simplify the dependence of
the multiphoton ionization rate [29], based on the analysis
of the dependence of this rate on the wavelength outlined
in [24]. Keldysh number was above 3 in this study. In
general, it is customary to use quantum equations as the
basis for analysis [23].

In this paper, the temperature of the MW discharge trace
with a sparkless laser initiation is investigated numerically
and experimentally ~ The amplitude in focus and the
frequency of the microwave field electric strength are
2.0kV/cm and 9.6 GHz. The focal area for the microwave is
defined as a spheroid with major and minor semi-axes of 30
and 5 mm. The MW pulse duration (trapezoid with fronts of
200 ns) is equal at half maximum to 2.5 us. Laser beam goes
parallel to the vector of MW-radiation electrical strength.
The laser pulses have an energy of 200 mJ, with duration
of 10ns, wavelength of 532nm and are focused by a lens
with a focal length of 250 mm. The microwave and laser
foci are combined. Laser radiation time is 300 ns. Initially,
without laser radiation, MW discharge can be generated
at a pressure of no more than 6.66kPa under specified
conditions. Laser initiation allows rising the threshold
pressure of up to 10.6kPa. MW discharge with laser
initiation at pressure of 5.33—10.0 kPa is studied. Numerical
modeling is based on the extensive hydrodynamic plasma
model [29].  Non-stationary equations of components
transfer with reactions, electron gas equations, Helmholtz
and Navier-Stokes equations for a compressible medium
are solved jointly. In this experiment, the temperature
of the discharge trace is measured using a Fabry-Perot
interferometer.

1. Numeric modelling setting

1.1. System of equations

The task is to calculate the temperature of the microwave
discharge trace with a sparkless laser initiation, where
definitions of laser effects from [9] have been added to the
well-known model [10] in the form of additional reactions
for the electron gas. The following gas medium components
are considered: Nj, Oz, N3, 05, O, 0T, 05, O™, Ox(a1A),
N,(A), Na(a), N, N*. The system of equations was written
as follows:

oNe

W"’_V‘IQZS&’ Je: —Devne"'(Vg, V)ne,

an
a‘:w +V - Jy =Sy + Qext,
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Figure 1. a — model geometry (20 x 50 mm), b — distribution
2 Na
Oplas = |€] (bene + Z Zib ni) , = M- PgWi, of MW field strength with an amplitude of 1 V/m, ¢ — normalized
i ! distribution of laser emission intensity at a pulse of 100mJ
where t — time; ne — concentration of electrons; 1 — (maximum 2 - 10" W/em?).

average thermal energy of electrons; Je and J;, — vectors
of electron fluxes, electron energy; Se and S, — sources
of electrons and electron energies generated due to plasma
reactions; Qe — external source of electrons energy;
be — electrons mobility coefficient (complex coefficient,
allowing for variable electrical field); De and D, —
electrons diffusion constants, electron energy constants;
w; — mass fraction of neutral component or ion component
(sort i); Ji — vector of component flux i; § — source of
component i; z; — relative charge of component i; b —
component mobility i; N, — component concentration i,
Di — component diffusion constant i; pg — mass density
of gas medium; Vg — velocity of the medium; My —
molar mass of the medium; M; — molar mass of individual
component; pg — static pressure of the medium; Ty —
static temperature of the medium; Cp, — isobar specific
heat capacity of the medium; kg — thermal conductivity
coefficient of the medium; Ky — tensor of viscous stresses
of the medium; ug — tensor of dynamic viscosity stresses
of the medium; Qg — gas energy source; Emw — MW
field vector; kyw — MW field wavenumber; wpmw —
radiation frequency; opas — plasma conductivity; &y —
electrical constant; J§, — density of external electrical
field (to generate MW field from antenna); R — universal
gas constant; Na — Avogadro number; |€| — elementary
charge; I — unit matrix 3 x 3; i — imaginary unit.

An axisymmetric two-dimensional model is used, coor-
dinates r and z, center of the coordinate system — focus
of laser and MW radiation. The geometry is provided in
Fig. 1,a. MW-radiation (Fig. 1,b) is generated using a
volumetric source Jf:

Iy = omweoEmy (1, 2, t) = omweoEoe, et (t) fer (T, 2),

0, t<ty

t—t,

i b<t<t
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ferz(r,z) = (sinc(akng)Y(l— (R_1 min(r, R))z),

where Ey — amplitude of electrical component of the MW-
field e, — unit axis z (linear polarization, electric field is
oriented along the axis z), fg(t) — and fg,(r,z) — time
and spatial dependencies of the electric field. Parameters to,
ty, to, t3 are equal, accordingly 0, 0.2, 2.5 and 2.7 us (square
pulse 2.5 us with leading and trailing edges of 200 ns). The
amplitude Ey and parameters a, R were selected to match
the experimental conditions and experimental antenna (the
elliptical antenna and the horn were analyzed separately to
obtain data for approximating the microwave field in the
main focus).

Laser radiation (Fig. 1,¢) is defined as a fixed inten-
sity distribution |35 corresponding to the pulse energy
Qias = 100mJ, duration (Gaussian distribution with half
maximum width 755) 10ns, focal length of the collecting
lens of F =250 mm, distance from the laser to the lens
of d=1m. The laser pulse is applied after 100ns
(tlas = 300 ns) after the end of the microwave leading edge.
Formulae to approximate the intensity of laser radiation

|Ias(r, Z, t) = QiasCrormf 1(t)f2(l’, Z),

7dt /OoCnormfl(t)f 1(r, 0)2zrdr =1,
—o0 0
Kias = %
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where Cporm — normalization constant (full energy passed
through the cross-section z = const, shall be equal to
the energy of pulse), fi(t) and f,(r,z) — temporal
(1/s) and spatial (1/m?) components of the laser radiation
intensity distribution, Kjas — wavenumber of laser radiation
(wavelength of 155 532 nm), r¢ — laser hole radius, Qjas —
parameter of the radius of laser beam in focus, Rr and rg —
curvature radii of the radiation phase surface upstream and
downstream the lens, Dg — parameter standing for the laser
beam area at lens prior to focusing.

The effective laser field can be calculated from the
intensity of laser radiation, polarization of the laser radiation
is linear [4]:

V
EfT — 781 V377[9Q)las(r, 2, 1),
(v2+ )

where ve — frequency of electrons collision with neutral
particles, f|as — frequency of laser radiation, 377 Q —
wave resistance of vacuum.

Reactions pattern is given in the Table. For the photo-
ionization they used approximations of the ionization fre-
quency as functions ax®, where x — normalized at 1 W/cm?
intensity of radiation |5s. The photo-stripping frequencies
are described by the functions al|as/hv. The frequencies
of photoionization and photo-stripping are multiplied by
the concentrations of neutral components to calculate the
reaction rates. The reactions cross-section is set for a
number of reactions with an electron, from which the
coefficient is calculated. For such reactions, instead of the
coefficient, ,,approximation” is written.

The material properties of individual components of the
medium are embedded in Comsol numerical modeling
package used. According to the mixing rule, the heat
capacity, thermal conductivity coefficients, and viscosity
of the entire medium are calculated. The value Qg is
determined from the sum of the Joule heating capacities by
ions of the medium and exothermic-endothermic reactions
in the medium under the action of plasma. Enthalpies of
the formed substance from [44] were taken to calculate the
reactions heat.

1.2. Initial and boundary conditions

At the initial moment of time the gas medium in terms of
its composition is more like air, with uniform pressure Pgo

varying by parameters from 5.33 to 10.0 kPa, temperature
Tgo equals to 293 K, concentration of electrons ey equals to
10'2 1/m3, average energy of an electronyy makes 0.04 eV.

Vector e, — unit vector for axis r. Axis z — axis of
symmetry, boundary conditions are set here:

J,er) =0,k e{ei};

(Vg, er) - 0, Vr pg == 0, VrTg, ||EMW|| < .

On other boundaries, marked as dashed lines in Fig. 1,a,
the following conditions are set

Ne = Ngo, lﬁ = lﬁo, WN, = 08, Wo, = 02,
WixN,,0, =0, Pg = Pgo, Tg = Tgo,

. 1
n x [V x Euw] :(IkMW—l- E)n X [Emw X 1

Vv [[V X EMW]nn:|
2ikmw + 1/r

where n — vector perpendicular to the boundary.

b}

1.3. Numerical method

Comsol Multiphysics software was used for analysis.
Numerical method — finite element method. A rectangular
grid is built for spatial discretization of the equations. The
grid elements are linear, their number is 240 thousands.
In direction from the outer boundaries to the center of
coordinates (radiation foci), the elements decrease expo-
nentially. The ratio of the largest and the lowest lengths
of the elements facet along the axis » is 2000, along the
axis z — 200. The lowest element is 0.25 x 1.5um in size.
The system of equations is solved iteratively by replacing
nonlinear equations with linearized ones: all nonlinear terms
are transformed into linear ones with a constant multiplier
that is defined during iterations.

For time integration, a method with backward differen-
tiation formulae with an order of 2 or 3 is used. Courant
number for the entire grid did not exceed 10. The value
of the derivatives in the equations was monitored so that
during the time step the desired values did not change
by more than 0.1% relative to the previously selected
scale parameters. They are introduced for each considered
variable. Scales: MW field amplitude of 2kV/cm, electron
concentration 10%° 1/m3, average electron gas energy of
1eV, mass fractions of medium components equal to one,
pressure of 5.33 kPa, medium velocity of 100 m/s, medium
temperature of 293 K. In the event that convergence of
the solution was not achieved at the time step, or the
Courant number or threshold for changes in the desired
values was exceeded, the program automatically reduced the
step and the order of the method to the second, otherwise
it increased the step and the order of the method to the
third. At the moment when the laser pulse was applied,
as well as after plasma ignition and before the microwave

Technical Physics, 2025, Vol. 70, No. 4
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Table 1. Plasma-chemical reactions pattern

Ne Pattern Type Coefficient, 1/s, 1/cm’/s, 1/cm®/s Reference
1 hv+0,=07 +e Photo-ionization a=1.36-10"%[s""], b = 4.41 [24,29]
2 hv+N=NJ +e Photo-ionization a=1733-10""[s"'], b= 6.373 [24,29]
3 hv+0; =0, + e Photo-stripping a=13-10""%[cm?| [29,34]
4 hw+0~"=0+e Photo-stripping a=173-10""%[cm?| [29,34]
5 | e+A=e+A", Ac {O,,N,,ON} Excitation' Approximation [35,36]
6 e+0; = e+0z(a1A) Excitation Approximation [36]
7 e+N, = e+N,(a) Excitation Approximation [36]
8 e+N; = e+N(A) Excitation Approximation [36]
9 Oz (a1A) =0, Relaxation 1/2700 [6]
10 Na(a) =N, Relaxation 1/0.5 [6]
11 N> (A) =N, Relaxation 172 [6]
12 e+0, = 2e+05 Tonization Approximation [37]
13 e+0;(aA) = 2e+05 Ionization Approximation [38]
14 e+N, = 2e+Nj Ionization Approximation [36]
15 e+N,(A) = 2e+N; Ionization Approximation [39]
16 e+Ny(a) = 2e+N7 Tonization Approximation [39]
17 e+0, = 2e+0+07 Tonization Approximation [37]
18 e+N, = 2e+N+N* Tonization Approximation [37]
19 e+0=2e+0" Ionization Approximation [36]
20 e+N=2e+N"* Ionization Approximation [40]
21 e+0,=0+0" Sticking Approximation [37]
22 e+0,+M=0; +M Sticking Approximation [35]
23 e+0;(1A)=0"+0 Sticking Approximation [39]
24 e+0~=2e+0 Stripping Approximation [39]
25 0~ +0=e+0, Stripping 2-10719(Ty/300[K])" [41]
26 e+0; +M=0,+M Electron-ion recombination 2.49 - 107 (1[eV]/Te)"? [42]
27 e+N; +M=N,+M Electron-ion recombination 6- 10727 (300[K]/Te)"* [42]
28 e+0"+M=0+M Electron-ion recombination 6 - 107%(300[K]/Te)" [42]?
29 e+N"+M=N+M Electron-ion recombination 6 - 107%(300[K]/Te)" [42]?
30 0; +0; =0,+0; Ton-ion recombination 4.2-107%(300[K]/Te)"* [6]
31 0;+0" =0,40 Ton-ion recombination 2-1077(300[K]/Te)*? [6]
32 O, +N; =0,+N; Ton-ion recombination 1.6 - 10~ (300[K]/Te)® 6]
33 07 +N* =0,+N Ton-ion recombination 4.2-107%(300[K]/Te)"* [6]
34 0~ +0" =0+0, Ton-ion recombination 1-1077(300[K]/Te)"> [6]
35 0~ +0"=0+0 Ton-ion recombination 2.7 -1077(300[K]/Te)"* 6]
36 O™ +N;=0+N; Ion-ion recombination 4.2-1077(300[K]/Te)"® 6]
37 O™ +N"=0+N Ton-ion recombination 4.2-1077(300[K]/Te)"? 6]
38 0+0=0; +e Ionization 1.8 - 107 (Ty/1[K])*7 - exp(—80600[K]/Tg) [43]
39 N4+N=N; +e Ionization 1.8 - 107 (Ty/1[K])*7 - exp(—80600[K]/Tg) [43]
40 0+0-+M=0j; +M Association 2.45 1073 (Ty/1[K]) %63 [43]

166 reactions are set to clarify the energy of electrons without formation of products (reactions with meta-stable states are recorded separately).
2 Generalized from data from reactions [26,27].

Technical Physics, 2025, Vol. 70, No. 4



662 M.E. Renev, Yu.V. Dobrov, V.A. Lashkov, N.D. Osipov, I.Ch. Mashek, R.S. Khoronzhuk

field was turned off, the time step was on average 0.01 ns.
The method of separation of variables (groups of variables)
is used to solve the system of algebraic equations: MW
field, electron gas, all ions, neutral components, velocity
and pressure of the medium, temperature of the medium)
and the PARDISO method (modification of the Gauss
method) [45].

2. Setting up the experiment

The test was carried out in the FEiffel chamber. Fig. 2
shows the laboratory setup (Fig. 2,a) and its photo
(Fig. 2,b). Microwave radiation is generated by the
magnetron MI-505, fed to the horn in the chamber. The
horn emits a conically diverging wave, which is then
reflected from an elliptical-shaped metal surface (antenna),
and a standing electromagnetic wave with multiple antin-
odes with different amplitudes is generated. The major
antinode ,focus“ is located 90mm away from the edge
of the waveguide. Laser radiation: A pulse from Quantel
Evergreen 200 laser is fed through a prism and lens into
the camera to the studied area. The last prism is installed
under the lens in ,,model “: a metal streamlined shell with
the possibility of further installing plastic nozzles on it for
the tasks of supersonic gas dynamics with energy input.
The combination of focus with smoke and photography was
checked.

Preliminary experiments with obtaining a microwave
discharge without laser initiation at different pressures have

8

Figure 2. The system of receiving laser and microwave radiation
in the Eiffel chamber: optical circuit (a), laboratory setup (b). 1 —
laser, 2 — prism, 3 — rack, 4 — lens, 5 — model, 6 — MW
antenna, 7 — nozzle, § — vacuum chamber.

. 100 ns h/\10 ns \/
|

! e e i
I 2 3 HS g

Figure 3. Sequence of control signals (not to scale): / — MW
activation, 2 — activation of laser pulse, 3 — MW is deactivated,
4 — signal to photo-camera. Time of MW rise and decline is
0.2 us, duration of MW pulse 2.5 us.

shown that the discharge ignites at pressure no greater than
6.66kPa. Based on this, the amplitude of the MW field
strength in focus of 2.0kV/cm was selected for numerical
modelling. Using laser initiation, the discharge was ignited
at a pressure of up to 10.6 kPa.

To measure the temperature of the trace, a multipath
Fabry-Perot interferometer was used (shown in Fig. 2,5)
in conjunction with the optical circuit of IAB 451 heater.
According to the methodology [46] it is known how to
calculate the distortion of interferometer bands based on
a given axisymmetric temperature inhomogeneity. When
deciphering the interferometry, the authors numerically
solved the inverse problem.

The experimental equipment was controlled using Lab-
VIEW program and National instruments equipment. The
control signals were supplied (Fig. 3) to the MW generator,
laser and video camera PCO DiCAM-PRO GaAs P46 with a
resolution of 1024 x 1024, exposure time of 5 us. The video
camera recorded one photo of interferometry (example in
Fig. 4) within a single system launch. For the selected
pressure, a number of system launches were performed with
different shooting times. This resulted in interferograms
for different MW discharges in the time range from 15 to
200 us in increments of 5Sus. The assumption is made that
MW discharges are identical between repetitions under the
same conditions, which makes it possible to measure the
temperature dependence of the discharge trace on time.

The discharge trace could provide a distortion of up to
two interferometer fringes (Fig. 4). The distance between
the considered fringes was 8 mm. During the experiment,
the pressure in Fiffel chamber was manually adjusted to
an accuracy of 0.33kPa. The interference pattern was
digitized for further mathematical processing.  During
processing, data was also entered with the addition of
pressure uncertainty, which made it possible to estimate the
temperature uncertainty: no more than 25%.

3. Analysis of results

Let’s consider the laser-induced MW discharge at pres-
sure of 5.33kPa. This is a supercritical discharge, since
pressure is below the ignition threshold of 6.66 kPa for
a microwave discharge without initiation. The numerical
model showed that a laser pulse creates a conducting
channel with a maximum electron concentration of about
4.7-10% 1/m? and a length of 360 um in terms of specific
conductivity of 10 S/m. The magnitude of the conductivity
and the size of the conducting zone are considered, since
this directly affects the redistribution of external microwave
radiation to the edges of plasma and its growth in length.
The concentration of electrons first drops to 2 - 10 1/m3
because of deactivation of the laser radiation. Then, it rises
to 2.6 - 10%° 1/m? due to heating of the medium by plasma.
In this case, the region of high electron concentration
becomes long and thin: at half maximum the length is
40mm and the radius is 0.4mm. At 5.33kPa the Joule
heating energy of 18.2 mJ made its contribution to both, the
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Interference pattern (15us after the start of the
experiment) for the trace of the initiated MW discharge (5.33 kPa,
200 mJ, laser pulse delay of 100ns). Plasma distorts two fringes
with numbers 1, 2.

Figure 4.

Tg, K
300 2000 4000 6000
E—— ——
AF 533kPal [ 8.0kPa] [ 10.0kPa |
2 | 4 L - -
,2 L 4+ 4+ -]
_4 | . i -
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0 0204060.81.01.2
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Figure 5. Distribution of the normalized density and temperature
of the medium after exposure to the initiated MW-discharge by the
end of MW-pulse for pressures 5.33, 8.0 and 10.0 kPa.

electron gas and the ionized air. Of these, by the end of
the microwave pulse, 1.4mlJ is put in the air — chemical
and Joule heating by ion current. As a result, by the time
MWe-radiation is turned off, the air temperature is 5000 K,
and its density is reduced to 6% relative to the initial one
(Fig. 5). The resulting initiation discharge is filamentous in
terms of high temperature and electron concentration.
Subcritical initiated and threshold (6.66kPa) MW-
discharges differ significantly from supercritical discharges
in length (Fig. 5). It is practically the same for them and
is equal 7.4 — 8.4mm, which is twofold higher than at
5.33kPa. This is due to the fact that the laser pulse with
the same energy produced a channel with a higher maximal
concentration of electrons 1 — 2 - 10?! 1/m? (by 2—4 times
higher), the length of the channel increased from 0.36 to
0.46 — 0.65 mm. The channel variation is caused by a rise in
the absorption coefficient of laser radiation with increasing
pressure. Characteristic temperatures of the medium after
MW-discharge are equal 5500—6000 K. With increasing
pressure, the energy input shrinks to 6.7mJ (10.0kPa), of
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which 0.4mJ is invested directly into the medium through
ion currents and chemical reactions by the end of the pulse.
Sub-critical discharges are also filamentous. Laser radiation,
obviously, significantly accelerates discharge filamentation
even at such low pressures as 5.33—10.0kPa, and an
electric field of microwave radiation of 2.0kV/cm.

Overheating temperature (trace) —the difference between
the temperatures of the medium at the considered and initial
moment of time (293 K) before the appearance of plasma.
Fig. 6 and 7 illustrate the overheating temperatures from
the numerical modelling along 7, z axes for pressure level of
5.33—10.0kPa and time moments from 3 to 25 us relative
to the start of MW-radiation supply (Fig. 3). The trace of
super-critical MW-discharge with initiation (blue line) in the
first 2—3 us after MW radiation deactivation rapidly cools
down 2200 K — 2 times less than the initial 5000 K. The
rate of temperature variation further slows down. By 25 us
the trace overheating temperature is equal 650 K. By 25 us
the trace diameter on half of the overheating temperature
increases from 0.5 to 1.0 mm, the trace length — from 4.0
to 5.2mm.

In traces of subcritical MW-discharges (Fig. 6 and 7, red
and black lines), the overheating temperature also decreases
twofold in 2 —3us, and then the rate of temperature
variation goes down. At higher pressure the trace cools
down faster. The radius of such traces increased over time
in the same way as that of the trace at 5.33 kPa. The length
of the traces along the half of the overheating temperature

6000 F 3Hs  6000F SHs  6000F 25mus
s 4000 4000 |- 4000 |-
o
<

2000 | 2000 [ 2000 |-

0 0 0
0 05 1.0 0 05 1.0 0 05 1.0

7, mm 7, mm 7, mm

Figure 6. Distribution of the overheating temperature along 7 axis
for pressure level of 5.33 (blue line), 8.0 (red line) and 10.0 kPa
(black line) at various moments of time. 3 — 25 us.

6000F 3us  6000F SHs 6000} 25mus
4 4000 |- 4000 | 4000
o
<
2000 | 2000 F 2000 |
0 L 0 1 0 \ |
0 5 10 0 5 10 0 5 10
z, mm Z, mm Z, mm

Figure 7. Distribution of the overheating temperature along z axis
for pressure level of 5.33 (blue line), 8.0 (red line) and 10.0kPa
(black line) at various moments of time3 — 25 us.
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Figure 8. The maximum overheating temperature from the

model (black lines) and the overheating temperatures measured
by the interferometer on the fringes I (red dots) and 2 (blue
dots) at various time moments up to 100 us for pressure levels of
6.66 — 10.0kPa.
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Figure 9. Approximations of the dependences of the overheating

temperature of the initiated MW-discharge trace on time for
pressures from 5.33 to 10.0kPa.

does not change noticeably for 22 us after switching off the
microwave radiation.

Experimental data on the overheating temperature of
MW-discharge trace (two fringes) from 15 to 100us are
shown in Fig. 8 together with data from the numerical
analysis (maximum in the calculated range). The inter-
ferometer readings, taking into account uncertainty and
calculations, are consistent at least for the first 20 — 25 us:
the calculated curve hits the red dots. Further, the model
shows a faster decrease in temperature, which is more
noticeable with increasing pressure. The discrepancy may
be due to ignoring the rapid heating mechanism, which
creates a time-consuming (tens of us) heating due to
the accumulated excited states of components in plasma
exceeding the equilibrium amount. Based on the above, it
can be concluded that the model is suitable for describing
the temperature of a trace at low pressures and at short
times after disconnection.

It is useful to obtain an analytical dependence of the
trace overheating temperature on time and pressure at the

selected parameters of the laser and microwave system.
Approximations of temperature versus time at different
pressures are built based on the first line data of the
interferometer (Fig. 9). Damped exponential curves are
chosen as the approximation function.

ATy = Aexp(—Bt).

The typical temperature drop time lies in the range of
300 — 1000 us. At higher pressure, the trace cools faster.
Further it was found that approximation coefficients (A, B)
depend on pressure in approximately linear way. This is
how a general approximation of temperature versus time
with pressure-dependent parameters was obtained.

ATy(pg. 1) %45.9{%} Py + 851.5[K])

X exp (— Gﬁgf:j - 1800) ﬁ)

Conclusion

As part of the study, information was obtained on the
temperature dynamics of a microwave discharge trace with
a sparkless laser initiation. The trace corresponds to a
filamentous microwave discharge, which is rapidly produced
in units of microseconds at low pressure precisely due to
laser initiation.

As the pressure increases, the laser radiation is absorbed
more strongly, which leads to formation of a longer
discharge filament in the microwave field. At pressure of
5.33kPa the microwave energy of 18.2mlJ is put into the
entire plasma, and 1.4 mJ into the ionized air (by the end of
the MW-pulse), which resulted in heating of the discharge
trace to 5000K in an area 4mm long, 1 mm in diameter.
An increase in pressure led to a narrowing and elongation
of the discharge trace to 8 mm, it turned out to be hotter
(6000 K), despite a decrease in total energy input to 6.7 mJ,
of which 0.4mJ — directly into the medium by the end of
the microwave pulse.

The trace temperature decreases twofold during the first
3us after the MW-radiation is turned off. After that,
the temperature varies more slowly. The trace with a
temperature of about 1100—1300K exists during 1000 u
s at pressure level of 5.33kPa, 300us at pressure level
of 10.0kPa. The empirical dependence of the trace
temperature on time and pressure of the medium is derived.

The temperature of the trace is compared by simulation
and from experiment. The numerical model used is a
development of the well-known microwave plasma models;
laser initiation has additionally been taken into account. Cal-
culations of the trace decay qualitatively and quantitatively
at short times of about 10—20us are consistent with the
interferometer readings. We believe that this model, in
general, may pass the validation. It can be refined by adding
a rapid heating mechanism to describe the dynamics of the
trace at later stages of the decay.
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