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ABSTRACT

Atmospheric millimeter-wave discharge was investigated experimentally using a 28 GHz gyrotron. The propagation velocity of an ionization
front, plasma structure, and vibrational and rotational temperatures of nitrogen molecules were measured at a beam intensity lower than
1.0 GW/m2, which is below the breakdown threshold. Results show that the propagation velocity of an ionization front increased
monotonically with beam intensity and decreased with ambient pressure. In addition, four typical plasma structures having different space
occupancies were observed. Furthermore, at any beam intensity below 0.5 GW/m2, the vibrational temperature was found to be saturated
at about 6000 K. The corresponding electron number density is almost equal to the cut-off density. Finally, it was suggested that the
propagation velocity depends on the plasma space occupancy.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5144157

NOMENCLATURE

E Electric field
e Elementary charge
f Millimeter-wave frequency
gN, g+ Statistical weights
h Planck’s constant
k Wavenumber
kB Boltzmann’s constant
ms Mass of species s
N Number density of neutral particles
nc Cut-off density in collisional plasma
ne Electron number density
PMMW Power of millimeter-wave
p Pressure
S Beam intensity

Speak Peak intensity of millimeter-wave
Te Electron temperature
Tvib, Trot, Ttrans Vibrational, rotational and translational

temperature
U1 Propagation velocity of an ionization front
Vi Ionization energy
w0 Beam radius of millimeter-wave

Greek

α Degree of ionization
Δhaverage Space-averaged specific enthalpy increase
Δhlocal Local specific enthalpy increase
ε0 Vacuum permittivity
ε Internal energy
Θvib Vibration characteristic temperature
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νm Electron-neutral momentum transfer frequency
ρ1 Mass density in front of an ionization front

I. INTRODUCTION

Although many studies have specifically examined atmo-
spheric discharge using direct current or RF waves and microwave
waves,1 few studies have investigated atmospheric discharge using
millimeter-waves. Recently, high-power millimeter-wave oscilla-
tors (gyrotrons) have been developed,2 making atmospheric
millimeter-wave discharge possible. Gyrotrons have been devel-
oped intensively for heating nuclear fusion plasma. Gyrotrons are
used for electron cyclotron resonance heating (ECH) and electron
cyclotron current drive (ECCD) phenomena. A gyrotron can gen-
erate a high-power millimeter-wave using the cyclotron resonance
maser (CRMs) phenomenon. Recently, it has become possible to
oscillate multifrequency millimeter-waves, with multimegawatt
output power.

Atmospheric millimeter-wave discharge may be useful as an
ultraviolet light source,3,4 for detection of radioactive materials,5 for
chemical decomposition,6 and for beamed energy propulsion.7–12 In
propulsion applications, millimeter-wave energy is converted effi-
ciently to gas pressure through the atmospheric discharge. First, after
a millimeter-wave beam is focused by a parabolic mirror, plasma is
ignited. Then, an ionization front propagates with a shock wave
toward millimeter-wave beam source. During this process, the air is
heated isometrically. A thruster obtains an impulsive thrust force. To
estimate the pressure behind plasma, one must ascertain the relation
between the beam intensity and propagation velocity, which deter-
mines the value of the source term in an equation of conservation of
energy. The propagation velocity of the ionization front must be
investigated to optimize the propulsion system.

The breakdown threshold is the critical intensity at which
the rate is balanced between ionization by collisions between
electrons and neutral particles, and electron attachment.13

Millimeter-wave discharge is classified according to whether the
local millimeter-wave electric field is over or under the critical
intensity, respectively, designated as an overcritical or undercriti-
cal condition.14,15 First, the studies of overcritical millimeter-wave
discharge are explained. For the experiments,16–22 a 110 GHz
millimeter-wave beam is focused. The plasma is ignited at its
focal point. Dependence of the critical intensity on ambient pres-
sure was investigated.20 In the experiments, the ignited plasma
propagated toward the millimeter-wave source at 10 km/s velocity.
Plasma filaments were generated at a quarter-wavelength interval.
This phenomenon has been studied by numerical simulation.
The results showed that, at the antinode of the standing wave
generated by incident beam and reflected beam in front of
plasma, the electric field exceeded the critical intensity: a new
plasma filament occurred.23 Furthermore, vibrational and rota-
tional temperatures and the electron number density, which
characterize nonthermal plasma in air,24 were investigated using
optical emission spectroscopy.16,18

Nevertheless, it remains unclear why an ionization front can
propagate toward a millimeter-wave source in undercritical condi-
tions. In 1983, Brodskii generated plasma using an 85 GHz
millimeter-wave beam and observed propagation of the ionization

front in a beam with intensity that is 1–2 orders of magnitude
lower than the critical intensity.25,26 Dependence of the propagation
velocity on beam intensity S was changed at S* = 0.03 GW/m2. At
S < S*, the dependence is linear. At S > S*, it becomes approxi-
mately quadratic. To explain ionization front propagation, which
cannot be explained by thermal conduction from bulk plasma to
the front, Bogatov et al. proposed that the ultraviolet radiation gen-
erated a preionization region in front of bulk plasma and that dis-
charge is induced in the region.27 However, this model did not
estimate the propagation velocity in the range where the propaga-
tion velocity is greater than the speed of sound.

In 2006, Oda et al. conducted experiments using a MW-class
170 GHz millimeter-wave at the National Institute for Quantum
and Radiological Science and Technology (formerly Japan Atomic
Energy Agency).2 Reportedly, at S* > 0.75 GW/m2, the ionization
front propagates at supersonic speed. Furthermore, a filamentary
structure differed from the quarter-wavelength structure was
observed.28 Takahashi et al. proposed that the Townsend number
E/N, which affects the ionization frequency directly, becomes larger
because of the low number density of heavy particles in the plasma
because of gas heating.29 E and N, respectively, represent the local
electric field and number density of neutral particles. However, one
difficulty is that the obtained propagation velocity is smaller than
the experimental value. Moreover, the numerical model is unable
to reproduce a discharge at beam intensity where Oda’s experiment
was conducted. To construct an accurate model that cannot only
reproduce discharge at an undercritical, but which can also explain
the propagation velocity more accurately, one must investigate
parameters that might affect ionization front propagation in atmo-
spheric millimeter-wave discharge.

This report describes millimeter-wave discharge experiments
conducted using a 28 GHz high-power gyrotron at the Plasma
Research Center, University of Tsukuba. The first objective is to
observe the propagation velocity and plasma structures at different
ambient pressures and beam intensities. Plasma structures are
thought to be related to the propagation velocity. However, few
reports describe the relation between plasma structure and propa-
gation velocity. Therefore, in this study, plasma structures were
investigated at different ambient pressures and beam intensities.

The second objective is to measure vibrational and rotational
temperatures. According to Simek,30 a fundamental role in air dis-
charges is played by the lowest electronically excited and metastable
A 3Πu

+ state of N2. Except for a very long radiative lifetime (approx.
2 s), the N2 (A 3Πu

+) possesses sufficient energy (approx. 6 eV) to
initiate many energy transfer and chemical reactions. Guerra
et al.31 described that the main energy reservoirs in nitrogen mole-
cules are the vibrational levels of the N2 (X 1Σg

+) state. Therefore,
the possibility exists that the increase of vibrational temperature
enables an increase not only of the electron temperature but also of
the electronic excitation temperature because of energy transporta-
tion between the translational mode of electrons and the vibrational
mode of heavy particles. Nevertheless, no report of the relevant lit-
erature describes a study of vibrational and rotational temperatures
in undercritical conditions at which the propagation velocity
exceeds the supersonic speed. Therefore, in this study, the vibra-
tional and rotational temperatures of nitrogen molecules were
investigated using optical emission spectroscopy.
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II. EXPERIMENTAL APPARATUS

A. High-power millimeter-wave oscillator: Gyrotron

A gyrotron developed at the Plasma Research Center of the
University of Tsukuba oscillates a 28 GHz millimeter-wave. Its
maximum power output is 570 kW.32 Its specifications are listed in
Table I.

B. Measurement apparatus for propagation velocity
and plasma structures

The experimental setup is presented in Fig. 1. A linearly polar-
ized 28 GHz millimeter-wave that has a Gaussian-like profile was
transmitted through a corrugated waveguide and was collimated.
To ignite plasma at a parabolic mirror easily, two mirrors were
used to focus the beam. The incident beam was again focused by a
parabolic mirror at the other side of the chamber. Breakdown
occurred near the focal point. The chamber walls do not affect the
breakdown process because the walls are made of acrylic, which is
transparent to millimeter-wave. Furthermore, the difference of the
propagation velocity between with and without the chamber at
100 kPa was within the deviation in multiple experiments. To

observe plasma in a wider range of peak intensities, corrugated
waveguides of two types, with 63.5 mm and 45.0 mm diameter,
were used. Furthermore, the beam power was changed from 50 kW
to 250 kW. Beam divergence of the millimeter-wave beam was used
for a wider range of peak intensities, Speak: 0.05–1.0 GW/m2. The
following equation defines the peak intensity of the Gaussian-like
millimeter-wave:

Speak ¼ 2PMMW

πw2
0

: (1)

In this equation, PMMW and w0, respectively, denote the total power
of the millimeter-wave beam and the beam radius. Ambient pressure
was changed from 10 kPa to 100 kPa using a rotary pump. A high-
speed camera (410 × 360 pixel resolution, Ultra cam; nac Image
Technology Inc.) was used to observe the ionization front propaga-
tion. The exposure time and frame rate were set, respectively, as 1 μs
and as 10–500 kfps. The propagation velocity of an ionization front
was calculated by multiplying the propagating distance by the frame
rate. Plasma structures were photographed on the E-k plane with
colored images, where the incident beam direction vector is denoted
by k, and where the electric field vector is denoted by E. An arc
sensor was used for the shutter trigger of the camera.

C. Measurement apparatus for optical emission
spectroscopy

Optical emission spectroscopy, which does not perturb elec-
tromagnetic fields, was applied to measure neutral particle temper-
atures. The experimental setup is shown in Fig. 2. Two convex
lenses were used to focus the light emitted from the plasma
onto an optical fiber and the irradiation was collected to a

TABLE I. Characteristics of gyrotron, Plasma Research Center, University of
Tsukuba.32

Frequency (wavelength) 28 GHz (10.7 mm)
Output power 570 kW
Output duration 100 ms
Beam transverse mode Gaussian-like
Electric efficiency 40%

FIG. 1. Schematic of the experimental setup for observing millimeter-wave dis-
charge plasma in a vacuum chamber.

FIG. 2. Simplified schematic of the experimental setup for conducting optical
emission spectroscopy in air.
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Czerny–Turner spectrometer (MS3504i; SOL Instruments Ltd.)
with an ICCD camera (iStar sCMOS, 2560 pixel resolution,
element size: 6.5 μm; Andor Technology). The reverse dispersion is
2.37 nm/mm. The exposure time and slit width were set, respectively,
as 5 ms and 100 μm. The corresponding Δλ is 0.237 nm. The dis-
tance between the focal point and waveguide was changed to change
peak intensity from 0.067 GW/m2 to 0.46 GW/m2. In each condi-
tion, the emission spectra were measured five times.

Vibrational and rotational temperatures of nitrogen molecules
were deduced using measured spectra of second positive systems,
which are emitted as transitions from an electronic state C 3Πu to
an electronic state B 3Πg. The second positive system is often used
for measuring vibrational and rotational temperatures because of
its strong intensity and simple transition scheme.18,33 These transi-
tions appear in the ultraviolet region: 280–400 nm. For this study,
the light emission spectrum from 370 nm to 410 nm was measured.
A typical emission spectrum is presented in Fig. 3. For measuring
vibrational and rotational temperatures from the obtained spec-
trum, a fitting code was developed using theoretical schemes.33–35

As the figure shows, emissions from N2 I and N2 II were observed
in this region along with those from CN and NO. Therefore, the
obtained spectra were fitted using theoretical calculation methods
of those emissions. In this calculation, the fitting parameters were
each molecule’s vibrational and rotational temperatures and inten-
sity ratios. Here, all the vibrational energy states and rotational
energy states were assumed in a Boltzmann equilibrium. Table II
presents band systems considered for theoretical calculation when
the spectra were fitted. After least-squares fitting, the error was
evaluated. Results showed that the measured spectrum was at least
within ±500 K, which is shown in the figure as its error. The calcu-
lated spectrum when the rotational temperature was changed
±500 K from the deduced one was compared with measured one,
as presented in Fig. 4.

Plasma structures of black and white images were also
observed in the experimental setup of Fig. 2 using the high-speed
framing camera with GaAs CMOS, iStar sCMOS (2560 × 2100
pixel resolution; Andor Technology) to observe plasma structures
with higher resolution. The exposure time was set to 1 μs. Figure 5
shows the beam intensity distribution and divergence with an
ionization front, which was taken by the iStar sCMOS.

III. RESULTS AND DISCUSSION

A. Plasma structures and ionization front propagation
velocity

1. Plasma structures

Observed filamentary plasma images are shown in Fig. 6.
Structures (a) and (c) were photographed using an ultracam
camera using the setup shown in Fig. 1, whereas (b) and (d) were
taken by an iStar sCMOS camera in the setup presented in Fig. 2.
Four structures with different plasma space occupancies were
observed. Here, the plasma space occupancy is defined as the
volume ratio of the plasma to the surrounding air. The structural
change of millimeter-wave discharge plasma is mapped in Fig. 7
for different atmospheric pressures and peak intensities. Regions
with different background colors indicate different plasma struc-
tures, and (a)–(d) in Fig. 7 correspond to the four plasma

FIG. 3. Examples of fitted emission spectra in the range of 370–410 nm at
peak intensities of 0.12 GW/m2 and 0.34 GW/m2.

TABLE II. Band systems of molecules considered for theoretical calculation.

Species System name
Wavelengths

(nm)
Energy level
transition

N2 Second positive system 280–400 C 3Πu→ B 3Πg

N2
+ First negative system 320–500 B 2Σu

+→ X 2Σg
+

CN Violet system 320–500 B 2Σ+→ X 2Σ+

NO Beta system 200–500 B 2Πr→ X 2Πr

FIG. 4. Examples of fitted emission spectra in the range of 370–410 nm at
0.12 GW/m2 peak intensity. The rotational temperature was changed by ±500 K.
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structures presented in Fig. 6. The boundary lines between the
regions are not measured but rather approximated. Structure (a) is
designated as the quarter-wavelength structure, which appears at
near-critical intensity as already observed for 110 GHz millimeter-
wave discharge.20 Structure (b) was observed in undercritical inten-
sity. It looks closely similar to that found in atmospheric microwave
discharge.1 Khodataev reported that the electric field concentration
and gas expansion in front of a thin plasma increase the Townsend
number E/N and that discharge formation can occur in fields with
intensity lower than the critical intensity.1 When the ambient pres-
sure and Speak are decreased, no discrete structure was observed as
presented in (c). Structure (d) is that by which branched plasmoids
are spread diffusively toward a millimeter-wave source as it was
observed already in 170 GHz millimeter-wave discharge.28 When a
flat-topped beam profile was used, the branched plasmoids propa-
gated parallel to the incident beam direction.37 The phenomenon
was reproduced numerically.38

2. Ionization front propagation velocity

Figure 8 portrays the dependence on peak intensity of the
propagation velocity of millimeter-wave discharge plasma at differ-
ent ambient pressures. The velocity of an ionization front toward a

FIG. 5. The right-hand panel depicts an example of an ionization front taken by
iStar sCMOS. The left-hand panel shows the beam intensity distribution and
divergence.

FIG. 7. Characteristic structures observed at various atmospheric pressures
and peak intensities. ○ λ/4 structure; ◇ diffusive (no discrete structure); △
branched plasmoids spread diffusively; □ complex structure as observed in
microwave discharges. The solid line is a critical intensity deduced by Taylor
(24.1 GHz), which is presented as a reference.

FIG. 6. Characteristic structures observed at various peak intensities and atmo-
spheric pressures. (a) λ/4 structure; (b) complex structure as observed in micro-
wave discharges; (c) diffusive (no discrete structure); and (d) branched
plasmoids spread diffusively.
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beam source gets higher and lower because of filament extensions
in the radial direction.1,19 The error bar in Fig. 8 represents the
range between its maximum and minimum velocities. Regions with
different background colors indicate different plasma structures
and (a)–(d) in Fig. 8 correspond to the four plasma structures pre-
sented in Fig. 6. The propagation velocity increased monotonically
with Speak. In addition, the lower the ambient pressure was, the
higher the propagation velocity became. These characteristics were
the same as results obtained from experiments using 170 GHz
millimeter-waves.28 Furthermore, the propagation velocity trend
changed at a point where the plasma structure was changed.

Although Speak, where the propagation velocity becomes
supersonic at 100 kPa, is 0.75 GW/m2 in the case of 170 GHz,28

it was 0.27 GW/m2 for the case of 28 GHz. Furthermore, it was
reported that the propagation velocities at 134, 170, and 203 GHz
exhibit the same tendency.36 However, the tendency of propagation
velocity on Speak in 28 GHz was found to differ from the trend. The
structural change of plasma might cause these differences. In the
case of 170 GHz, the plasma structure did not change at any beam
intensities. By contrast, Fig. 8 suggests that the trend of propagation
velocity in 28 GHz changed at a point where the plasma structure
changed from (d) to (b). This result implies that structural change
causes a difference of the energy concentration degree in space,
resulting in the change of the tendency of propagation velocity
for Speak. It is thought that in the structure (b), a strong
standing wave was generated because plasma density reached
cut-off density. This phenomenon has to do with the change of the
propagation velocity.

B. Vibrational and rotational temperatures of nitrogen
molecules

1. Measured temperatures

Figure 9 shows the measured vibrational and rotational tem-
peratures of nitrogen molecules in the region where the plasma
luminance is the strongest. No marked change was observed in the
vibrational temperature with the change of Speak, in which vibra-
tional temperature was almost 6000 K. The errors in Fig. 9 show
±500 K as explained in Sec. II C. On the other hand, the rotational
temperature decreased from 5500 K to 3000 K for 0.067–0.46 GW/m2.
This decrease might occur because the propagation velocity is suf-
ficiently low to cause energy relaxation from a vibrational mode
to translational and rotational modes. The deduced vibrational
temperature and rotational temperature were higher than the
earlier experimentally obtained results18 in overcritical conditions,
even though Speak used in this experiment was much lower than
the experiment.18

2. Estimated electron number density

The electron number density in the bulk plasma region was
estimated assuming that plasma was in local thermodynamic
equilibrium (LTE). The assumption is supported by the fact that
the obtained spectra were well fitted to Boltzmann distribution for
vibrational and rotational energy levels. The electron number
density calculated using Saha’s equation shown in Eq. (2) is

FIG. 8. Dependence of propagating velocity on peak intensity for various
ambient pressures. (a) λ/4 structure; (b) complex structure as observed in
microwave discharges; (c) diffusive (no discrete structure); and (d) branched
plasmoids spread diffusively.

FIG. 9. Deduced vibrational and rotational temperatures of nitrogen molecules
at 100 kPa. The curves represent fitting curves.
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presented in Fig. 10,

n2e
N

¼ 2gþ
gN

2πmekBTe

h2
exp � eVi

kBTe

� �
: (2)

Here, the ambient air is regarded as consisting of 21% oxygen mol-
ecules and 78% nitrogen molecules. The neutral particle density
and gas temperature are assumed, respectively, as 2.46 × 1025 m−3

and a rotational temperature. These assumptions mean that neutral
particles are heated isometrically. Even in nonthermal plasmas,
translational and rotational temperatures are usually regarded as
equal because of their short energy relaxation.24 The error of the
calculated electron number density corresponds to the error of the
deduced vibrational temperatures.

The cut-off electron number density nc in collisional plasma is
written as Eq. (3)16 or Eq. (4):39

nc ¼ meε0
e2

(ω2 þ ν2m), (3)

nc ¼ meε0
e2

ωνm: (4)

Here, ω = 2πf and νm, respectively, denote the angular frequency of
the millimeter-wave and the electron-neutral particle collision fre-
quency. The cut-off densities are presented in Fig. 10.

These results show that the vibrational temperature was
increased to the temperature at which the electron number density

approximately equals the cut-off density. According to an earlier
report of the relevant literature,16 the maximum electron number
density is almost equal to the cut-off density defined in Eq. (3).
The 28 GHz millimeter-wave discharge experiments results are con-
sistent with the numerical calculation. The electron number density
is almost constant at cut-off density in collisional plasma because
the reflection by plasma is increased as the value increases over the
cut-off value, resulting in the formation of a new filament ahead of
the plasma. In experiments using a 110 GHz millimeter-wave with
intensity near the critical intensity, the vibrational temperature is
not so high as that value.18 In 110 GHz experimental conditions,
the possibility exists that the electron temperature and vibrational
temperature are not in equilibrium because the propagation
velocity is much higher than that presented in this paper.

C. Energy balance and plasma space occupancy

The ionization front propagation velocity of millimeter-wave
discharge is widely known to be higher than that of laser dis-
charge.38 One hypothesis is that the nonuniform plasma shown in
Fig. 6 makes the velocity higher because of energy concentration in
the local area. Therefore, the plasma space occupancy was investi-
gated to clarify the relation between the propagation velocity and
plasma structure. The plasma space occupancy is calculable by the
ratio of space-averaged specific enthalpy increase (J/kg) to that in
local plasma. In the case where isometric heating can be presumed,
the ratio calculated using enthalpy increase per unit mass (specific
enthalpy increase) gives plasma space occupancy, which is the
volume ratio of the plasma to the surrounding air.

The space-averaged heating rate, which is the specific enthalpy
increase, is expressed as Eq. (5),

Δhaverage ¼ Speak
ρ1 � U1

: (5)

Here, ρ1 and U1, respectively, represent the mass density in front of
an ionization front and the ionization front propagation velocity. Here,
the nonuniform heating shown in Fig. 6 has not been considered.
Equation (5) gives the specific enthalpy increase when an ionization
front homogeneously propagates at the speed of U1.

The specific enthalpy increase in local plasma was calculated
using measured vibrational and rotational temperatures. Here, it
was assumed that the particles in plasma regions are heated isomet-
rically. Part of the millimeter-wave energy is consumed for elec-
trons’ kinetic energy and ionization energy. Furthermore, the
millimeter-wave energy is consumed as the electronic excitation
energy, vibrational energy, rotational energy, and translational
energy of heavy particles. For this study, it is assumed that the air
consists of 21% oxygen molecules and 78% nitrogen molecules.
Presuming that local thermodynamic equilibrium (LTE) condition
is satisfied, the ionization degree can be deduced using Saha’s equa-
tion (2). The vibrational energy was calculated using the formula
presented in an earlier report.40 Rotational and translational energy
were followed by the law of equipartition of energy, giving a degree
of freedom of 2 for rotational and 3 for translational. Here, transla-
tional and rotational temperatures are assumed to be equal because
of the reason explained in Sec. III B. Following these assumptions,

FIG. 10. Local electron number density calculated using Saha’s equation and
the cut-off electron number density in collisional plasma.
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the local specific enthalpy increases Δh are expressed in Eq. (6),

Δhlocal ¼ hafter � hbefore,

h ¼ P
s

εþ p
ρ

� �� �
s

:
(6)

Here, hafter, and hbefore, respectively, stand for the specific enthalpy
after the millimeter-wave pulse and before the pulse. Also, s repre-
sents the species such as oxygen molecules and nitrogen molecules.
ε denotes the specific internal energy calculated using the
Eqs. (7)–(11). Each energy is the ionization energy and electrons’
kinetic energy, electronic excitation energy, vibrational energy, rota-
tional energy, and translational energy, respectively:

ε1 ¼ 1
ms

� 3
2
kBTe þ Vi

� �
� α, (7)

ε2 ¼ 1
ms

�
P
i
εex,i exp(�εex,i/kBTe)P
i
exp(�εex,i/kBTe)

, (8)

ε3 ¼ 1
ms

� kBΘvib

exp(Θvib=Tvib)� 1
, (9)

ε4 ¼ 1
ms

� kBTrot, (10)

ε5 ¼ 1
ms

� 3
2
kBTtrans: (11)

The specific enthalpy increases obtained using Eqs. (5)
and (6) are shown in Fig. 11. The local specific enthalpy increases
are larger than the space-averaged one because plasma was gener-
ated nonuniformly and because heavy particles are heated in the
local region. The difference between those values became larger as
the beam intensity increased. The calculated plasma space occu-
pancy is shown in Fig. 12. Results confirmed that the plasma space
occupancy decreased by half when the plasma structure changed.
That change is consistent with the results presented in Figs. 6
and 7. Furthermore, it is readily apparent that the propagation
velocity increased with the change of plasma space occupancy.
These results indicate that the propagation velocity depends
strongly on the plasma space occupancy.

IV. CONCLUSION

Atmospheric millimeter-wave discharge experiments with a
peak intensity range below 1.0 GW/m2 were conducted using a
28 GHz gyrotron. High-speed photography with 1 μs exposure time
enabled observation of ionization front propagation. Consequently,
the ionization front propagation velocity increased monotonically
with an increase of beam intensity and decrease of ambient pressure.

FIG. 11. Local and space-averaged specific enthalpy increase at 100 kPa. The
curves represent fitting curves.

FIG. 12. Calculated plasma space occupancy with measured propagation veloc-
ity. Plasma space occupancy was decreased at about 0.15 GW/m2, where the
propagation velocity was also changed.
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Furthermore, four plasma structures were observed by changing
ambient pressure and beam intensity.

Optical emission spectroscopy revealed that the vibrational
temperature was saturated at about 6000 K at a peak intensity of
0.062–0.47 GW/m2 at 100 kPa. The electron number density was
found for cut-off density in collisional plasma, which is consistent
with earlier calculated and experimentally obtained results.

Plasma space occupancy was calculated by comparing space-
averaged and local specific enthalpy increases. The results revealed
that the propagation velocity depends on the plasma space occupancy.
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