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Abstract— High-density plasma source device is of great sig-
nificance for ground experiment verification of vehicle reentry
communication. Atmospheric-pressure plasma jet (APPJ), as a
high-density plasma source, has received little attention in ground
experiments on vehicle communications. In this article, terahertz
(THz)-wave propagation characteristics in APPJ are investigated
by joint simulation of APPJ discharge and THz transport model
and related experimental measurements. THz interferometer
(THz-IF) system is used to diagnose the electron density and
THz transmission characteristics of APPJ for the first time, and
the measured results are in good agreement with the simulation
results of a joint simulation model in this article and the measured
results of THz time-domain spectroscopy (THz-TDS) system of
other researchers. Sheath thickness and electron density pro-
duced by self-designed APPJ are highly matched with the plasma
sheath environment of the HIFIRE-5b vehicle. Further analysis of
the influence of different voltages and needle electrode radius on
the THz transmission characteristics shows that the absorption
effect plays a major role in THz-wave attenuation in APP],
and the contribution of the collision effect almost disappears,
which is completely consistent with the phenomenon observed
in HIFIRE-5b vehicle. The joint simulation model and THZ-IF
method developed in this article are of great significance for the
ground test verification of reentry communication schemes.

Index Terms— Electromagnetic wave polarization hypersonic
vehicles, plasma diagnostics, plasma jets, terahertz (THz)
communications, THz wave absorption.

I. INTRODUCTION

URING returning the capsule of spacecraft reentering,
a plasma sheath covering the capsule surface is formed
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due to intense friction with the thin air [1]. The plasma sheath
will adversely affect the communication signals between the
vehicle and ground base station, such as attenuation, phase
shift, and delay in communications and radar signals. And
radio frequency (RF) blackout will occur in severe cases [2].
To alleviate and even solve the RF blackout problem, scientists
have conducted extensive research and proposed a series of
methods [3], [4], [5], [6]. Among them, terahertz (THz) com-
munication is considered a potential solution with engineering
feasibility due to its high-frequency performance and the rapid
development of THz sources [7], [8].

The core basis of the THz communication scheme for
RF blackout is the interaction between THz wave and
plasma, which has received extensive attention in recent years.
Tian et al. [9] investigated the effect of collision frequency
inhomogeneity on the THz transmission properties in non-
magnetized plasmas. Chen et al. [10] studied the THz trans-
mission characteristics in real reentry plasma sheaths under
different wave frequencies and antenna positions by using the
hypersonic fluid model and scattering matrix method (SMM).
Gradually, the effects of specific external parameters such as
atmospheric conditions, flight parameters, and vehicle shape
on the plasma sheath and THz communication have been
studied. Yuan et al. [11] studied the effect of atmospheric con-
ditions on the THz-wave attenuation and obtained geographic
differences in global THz signal propagation. Yang et al. [12]
and Zhang et al. [13] studied the effect of flight speed and the
angle of attack on the transmission coefficient of THz waves
and analyzed the corresponding change law. Ouyang et al. [14]
and Tang et al. [15] numerically analyzed differences in
THz transmission characteristics under different vehicles and
determined the corresponding THz communication frequency.

With the development of plasma source devices, the prop-
agation characteristics of THz waves in high-density plasma
generated by plasma sources have gradually attracted attention.
Jang et al. [16] employed THz time-domain spectroscopy
(THz-TDS) to diagnose electron density and collision fre-
quency information in an inductively coupled plasma (ICP)
source and analyzed the effects of RF power and gas pressure
on electron density [17]. Sun et al. [18] verified the feasi-
bility of ICP and THz-wave transmission combined model
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based on THz-TDS and laser Thomson scattering method,
and the effect of RF power and gas pressure on the THz
transmission characteristics in ICP was further discussed.
The plasma sources concerned in the above THz-wave trans-
mission research studies are all ICP devices due to their
high-density characteristics. Atmospheric-pressure plasma jet
(APPJ) devices, whose plasma environment (electron density
is as high as 10" m™3 or even 10 m=%) [19], [20] is
very close to the reentry plasma sheath [14], [15], which
has almost not been paid attention to in THz transmission
research. Chen et al. [21] used THz-TDS technology to diag-
nose the electron density of helium plasma jets and measured
the transmittance of THz waves in the plasma jet. However,
the electron density of APPJ needs to be further diagnosed by
theoretical models and more measurement methods to verify
the matching with the reentry plasma sheath environment.
Moreover, the transmission characteristics of THz wave in
APPJ under different conditions (such as discharge voltage
and electrode radius) also need to be further studied to explore
whether the THz attenuation contribution mechanism in APPJ
device is consistent with the reentry plasma environment. This
article primarily verifies the feasibility of APPJ equipment
applied to the ground experiment of reentry communication
by solving the above two problems.

THz interferometer (THz-IF) system, as a mature tech-
nology applied to the diagnosis of fusion plasma, has the
advantages of high precision, high-temperature, and high-
density diagnosis [22]. Although the high electron density
of fusion plasma is similar to the environment of APPJ and
reentry plasma sheath, the THz-IF system has not been used
to diagnose the environment of APPJ and the measurement
of THz transmission characteristics in APPJ so far. More-
over, different plasma diagnostic environments will lead to
significant differences in the theoretical basis and experimental
requirements of diagnosis. For example, the THz attenuation
data are insensitive and the test optical path is difficult to
calibrate due to the low plasma sheath thickness of APPIJ.
Therefore, this work provides a new diagnostic method for
the plasma environment of APPJ. More importantly, it is of
great significance to the ground test verification of the reentry
communication scheme for APPJ and plasma-jet-type wind
tunnels in the future.

In this article, plasma generated by helium APPJ is used to
match a high-density plasma sheath of the same magnitude,
and an innovative method combining the APPJ discharge
model and the THz transport model is proposed. First, the elec-
tron density under different voltages simulated by the APPJ
model is compared with the diagnostic results of the THz-
IF system in this article, as well as the THz-TDS diagnostic
results of other researchers, and the comparison results are
in good agreement. Then, the effect of different voltages and
needle electrode radius on the electron density is analyzed.
Finally, the simulation results obtained from the joint simula-
tion of APPJ discharge and THz-wave transmission model are
in good agreement with the experimental results by the THz-IF
system, and the effect of voltages and needle electrode radius
on the propagation characteristics of THz wave is further
discussed.
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Fig. 1. (a) Structural diagram. and (b) simulation domain of APPJ.

II. DESCRIPTION OF THEORY MODEL

A. APPJ Discharge Model

Fig. 1 shows the structural diagram and simulation domain
of APPJ in this work. A needle electrode is embedded in
the medium tube, and both ends of the medium tube are
grounded. The radius of the needle electrode and medium tube
are 0.45 and 5.0 mm, respectively. A pulsed dc voltage with a
rising edge of 140 ns is applied to the needle electrode. And
the discharge voltage is 4.0-5.8 kV. When helium gas is passed
into the dielectric tube, high-density plasma is formed under
the high-voltage (HV) discharge between the needle electrode
and the dielectric tube.

A 2-D fluid model [19] coupled with the reaction rates
and electron transport coefficients obtained by the BOLSIG™
solver [23] was applied to solve the discharge characteristics
of APPJ based on COMSOL Platform. The electron density
and electron energy are described by the continuity equation
and energy conservation equation, respectively,

e L 9. F, = s, (1)
a1
aan; +V. (_ng(Maﬁ) — D, Vn,) + E-T,=s 2
e = —n(uE)
—D,Vn, (3)

where n, and n, are the electron density and electron energy
density, s, and s, represent the source term of electron and
electron energy, and E is the electric field. D, and D, refer
to the diffusion coefficients of electron and electron energy,
which can be expressed as
D, = u.T,, D= puT,. 4)
Electron energy mobility coefficient . and electron mobil-

ity coefficient p, satisfy the following relationship, and elec-
tron mobility coefficient is solved by BOLSIG* [23]:
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TABLE I
BOUNDARY CONDITIONS OF SIMULATION MODEL
1 2 3 4 5
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Electron energy source term s, can be calculated by the
collision energy loss from related chemical reactions

m
Se = —8§ Z AEjKinel,j - 21’1,‘](3#(7} — Tg)ve (6)
] i

where AE; is the energy loss from reaction j. Kjne,;
refers to the reaction rate of reaction j, which can be
obtained from BOLSIG™ [23]. kg and m, are Boltzmann’s
constant and electron mass, and the corresponding values are
1.38 x 10723 J/K and 9.109 x 103! kg, respectively. M; is the
heavy species mass and T, and T, represent the temperature of
electrons and gas. v, refers to the collision frequency between
electrons and neutral particles, which can be estimated by [24]

v, = 2.6 x 10*n,r*T? (7)

where n, and r represent the neutral particle density and
electron-neutral collisional radius.
The electron temperature and electric field can be solved by

T, — i’ﬁ (8)
¢ 3k3 Ne
R N
V. (SE) = E qin; — en, ©)]

i=1

where ¢ is the permittivity.

The boundary conditions in the simulation domain are
shown in Table I, and the values 1-5 marked in red in Fig. 1
correspond to different boundary conditions. The boundary
conditions for particle flux I' and electron energy density at
the different boundaries can be expressed as

. 1 [8ksT S,

Feon = Zne . —aylZy,-(Fpn)—i—oesueneE (10)

L1 |8ksT; .

T i = —n | —— 4 o/ pen  E (11)
4 wm;

-~ 1 [8kgT,

Ty il = My, | ——% (12)
4 T,y

.1 [8kgT. L

Pewii = Zne ml;: —ZaskBTelZyi(Fi ) (13)

where 7 refers to the normal vector pointing to the surface
and n and m represent the density and mass of a particle.
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Fig. 2. Schematic of SMM used for THz transmission in APPJ.

y refers to the secondary electron emission coefficient. g and
a; can be obtained from the following equation:

0(E -7 < 0) , |W(E-7i<o0)
% [1(E ii > 0) O‘Y_[o(}?" ii>0). (1

The self-bias potential on the surface of the dielectric tube
can be calculated by Gauss’s law
— = (Lo +1) i (15)
where o, and D represent net surface charge accumulated and
electric displacement on the dielectric surface, respectively.

In a real helium plasma jet experiment, impurities from a
gas tank or pipeline mix with helium, causing a mixture of
helium, air, nitrogen, and oxygen to escape. At the same time,
helium plasma will interact with the ambient air again at the
outlet of the capillary. The previous studies have confirmed
that the Penning ionization of helium molecules to nitrogen
molecules plays a key role in the properties of the plasma
jet [25], [26], and there are also significant differences in the
effects of different contents of nitrogen and oxygen on the
plasma jet [27], [28]. At present, the content of air, N, Oy,
and the specific reactions in the helium plasma jet are very
complex and there is no clear standard. Therefore, pure helium
was considered in this article, the corresponding chemical
reactions are consistent with the previous studies [19]. In the
present simulation, the initial pressure and temperature are set
to 1 atm and 300 K, respectively, and high-precision mesh
(the number of meshes is 239220) is divided to describe
the complex chemical reaction and discharge process. The
distribution of parameters such as electron density, electron
energy, and electron temperature of APPJ discharge can be
obtained by solving the above model.

B. THz-Wave Transmission Model in APPJ

For nonmagnetized plasmas in APPJ, the SMM [15] is
employed to solve the THz transmission properties in APPJ.
The core idea of SMM is to divide the plasma in APPJ into
multiple uniform thin layers, as shown in Fig. 2.

The plasma of each layer is regarded as a lossy medium,
and the relative permittivity &, of each layer can be solved
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according to the corresponding electron density and collision
frequency data

2 2
w,/ v, ws /wu,
o =1 - 22/ )2—1' 2/ > (16)
L+ (w/ve) 14+ (w/ve)
where w is the angular frequency of THz wave and w,, refers
to the plasma frequency, which is determined by the electron
density

n.q*

w, = .
b me&o

a7

According to the relative permittivity of each layer, the
corresponding wavenumber can be obtained

[N

ko = ko(erm)?, ko= —. (18)

The transmission characteristics of THz waves in APPJ are
expressed in matrix form

m
Se=[]5n=(Sa Sa).

m=1

19)

The scattering matrix of each layer can be described as
11\ ed piknrd
Sy = ) )
" km _km km,le_jk’”*'d _kmflejk””]d

(20)
where d represents the thickness of each layer. By coupling the
electromagnetic boundary conditions of adjacent thin layers,
the THz reflection coefficient R and transmission coefficient
T in the APPJ can be obtained

(5~

Transmission, reflection, and absorption coefficients satisfy
the relationship that sums to 1. Therefore, the absorption
coefficient A of THz waves in APPJ is expressed as

%(km + kg ) el En—hnsnd
1 — G+ )d Set-
%(km — kg eI Fnthons)

2

A =1-R*-T2 (22)
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Fig. 4. Electron density distribution in helium APPJ. (a) Image of APPJ.
(b) Simulation results.

C. Joint Simulation Model of APPJ Discharge and
THz Transmission

Based on the plasma jet discharge model and THz transmis-
sion model, a joint simulation model is developed to inves-
tigate the plasma characteristics and THz-wave propagation
characteristics in APPJ under different operating conditions,
the specific algorithm flow as shown in Fig. 3.

First, the plasma distribution of APPJ is solved by the
plasma jet discharge, and the electron density, collision fre-
quency, and plasma thickness data can be obtained from the
plasma distribution. The corresponding transmission, reflec-
tion, and absorption coefficients are then solved by using these
data as the input of the THz transmission model and matching
the boundary electromagnetic conditions of the plasma layer
with the SMM. Second, these data are used as the input of
the THz transmission model, and the corresponding transmis-
sion, reflection, and absorption coefficients are solved by the
SMM and boundary electromagnetic condition matching of
the plasma layer. Finally, the effects of different voltages and
needle electrode radius on the plasma characteristics and THz
transmission characteristics are analyzed based on the above
joint simulation model, and the contribution of absorption and
reflection coefficients to the attenuation of THz transmission
is discussed.

III. MEASUREMENT AND SIMULATION OF
PLASMA DENSITY IN APJJ DEVICE

A. Plasma Density Measurement in APPJ

Fig. 4 shows the photographs of APPJ discharge under
pulsed dc voltage of 4.0 kV, the rising edge and pulsewidth
are 140 ns and 2 us, respectively, and it changes periodically.
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Fig. 6. Raw and processed phase data for (a) reference signal and
(b) diagnostic signal in APPJ under discharge voltage of 5.0 kV.

The electron density distribution of the simulation results [see
Fig. 4(b)] based APPJ discharge model has the same profile
with the image of real APPJ discharge [see Fig. 4(a)]. And
the electron density will be verified by numerical simulation
(Fig. 4), phase variation measured by THz-IF systems (Fig. 6),
and comparison with the THZ-TDS diagnostic results (Fig. 7)
in this section.

The THz-IF systems are shown in Fig. 5, and the stability
and accuracy of the THz-IF system have been verified and
reported in previous Keda Torus eXperiment (KTX) work
(electron density on the order of 10" m™3) [29], [30].
The solid-state sources SSS; and SSS, provide beams with
different THz frequencies, and the frequencies of the two
solid-state sources are 650 GHz and 650 + wr GHz, respec-
tively. The beam is reflected and transmitted through a lens
or beam splitter to ensure the desired transmission path. Two
pairs of beams passing and not passing through the plasma
region in APPJ are received by the mixer, which corresponds
to the reference signal detector (Ref Mixer) and the diagnostic
signal detector (signal mixer), respectively.

The specific phase difference can be obtained by analyzing
the phase changes of the reference signal A®,.r and the
diagnostic signal A®g;,, the processed data are shown in
Fig. 6. It is worth noting that the plasma jet travels back and
forth through the signal diagnostic channel at a slow speed.
Therefore, the phase difference data of the diagnostic signal
only changes significantly during the round trip through the
APPJ plasma region, as shown in Fig. 6(b).

The ratio of the reference signal wave to the diag-
nostic signal wave in the frequency domain is expressed
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Fig. 7. Comparison of simulation results with the experimental results of
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as follows [21]:

Eaw) __dn,w) (.(nr(w)—l)wd)
Erow)  (m(u) + 127

c
xexp(—)((wcﬂ) 23)

For the nonmagnetized cold plasma in APPJ, its relative
permittivity can be transformed by (16) as

2 2

_ Wr Ve Wp
a=\l- )i e
w* + v w we + v

The complex refractive index of the plasma can be obtained
from the relative permittivity

nz\/gr:nr+jx

where n, and y refer to the refractive index and extinction
coefficient, respectively. The phase shift A® of the signal
caused by the plasma is determined by the refractive index n,.

The refractive index n, can be obtained directly from the
phase shift A® through (23) and (25)

_ (n,(w) — DHwd
=

(24)

(25)

AD (26)

Therefore, the electron density in APPJ can be obtained
from the phase shift data of the reference and diagnostic

signals
1
d w2 2
Av="1-—2_).
c w? 4 v2

In (27), w refers to the angular frequency of THz waves,
d represents the width of the plasma jet, which is about 4 mm,
and w, is related to electron density 7, and collision frequency
Ve, as shown in (17). According to the phase data in Fig. 6,
the electron density is obtained as 1.94 x 10" m~3.

The simulation results of electron density in helium APPJ
under different voltages are compared with the THz-IF and
THz-TDS diagnostic results, as shown in Fig. 7. It needs
to be clarified that the variation trend and ratio of electron

density with voltage in the simulation results are in good

27
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agreement with the THz-IF and THz-TDS experiments. There-
fore, THz-IF and THz-TDS experimental results verify the
reliability of the simulation results.

B. Simulation Analysis of Electron Density in APPJ Under
Different Operating Conditions

The electron density distribution of APPJ was obtained by
solving the 2-D fluid model, and the effects of discharge
voltage and needle electrode radius on electron density are
analyzed in this section. The rise time of applied forward
pulse voltage is 1 ns, the discharge voltage ranged from
4.0 to 5.8 kV, and the needle electrode radius ranged from
0.25 to 0.75 mm.

Fig. 8(a) shows the electron density distribution in the
APPJ under different voltages (needle electrode radius is
0.45 mm). It is obvious that the electron density increases with
the discharge voltage, and the simulation results of electron
density are in good agreement with the measurement results
of the THz-TDS diagnostic system (Fig. 7) [21], [31]. When
the discharge voltage increases from 4.0 to 5.8 kV, electron
density increases from 1.35 x 10" m~3 to 3.14 x 10" m~3.
In addition, the APPJ length shows a trend of increasing first
and then almost unchanged with the increase of voltage, which
is consistent with the related experimental results [32], [33].
Fig. 8(b) further analyzes the electron density distribution
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(a) Global distribution of electron density in APPJ and (b) analysis of electron density along the THz-wave propagation path under needle electrode

along the THz-wave transmission path (r = 6 mm), the trans-
mission path is shown by the red dotted line in Fig. 8(a). The
electron density on the transmission path satisfies Gaussian
distribution, which is similar to the distribution of the reentry
plasma sheath [34], and the electron density at any point on
the transport path increases with discharge voltage.

Fig. 9(a) shows the electron density distribution in the APPJ
under a different needle electrode radius (discharge voltage is
5.0 kV). It can be seen from Fig. 8(a) that the electron density
decreases with the increase of needle electrode radius, which
is consistent with the related experimental results [35]. When
the needle electrode radius increases from 0.25 to 0.75 mm,
the electron density decreases from 6.20 x 10 m™3 to
9.03 x 10" m™3. The effect of needle electrode radius on
the electron density distribution on the THz-wave transmission
path is analyzed in detail, as shown in Fig. 9(b). Although the
electron density at any point on the transport path all decreases
with the needle electrode radius, the change degree is much
smaller than the electron density near the needle tip.

IV. PROPAGATION CHARACTERISTICS OF
THz WAVE IN APPJ DEVICE

Based on the comparison and verification of the above
electron density simulation and experimental results, the sim-
ulation results of propagation characteristics of the THz wave
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in APPJ are compared with the experimental results of the
THz-IF system, as shown in Fig. 10.

According to Fig. 10, the simulation results of the THz-
wave transmittance in APPJ are in good agreement with
the experimental results of the THz-IF system, both in terms
of the transmittance variation trend with THz-wave frequency
and the specific value. However, there are some differences
between the two frequencies below 0.25 THz. The reason may
be that the plasma jet is actually approximately cylindrical
and the distribution is not uniform, and the scattering of the
THz wave by the cylindrical nonuniform plasma in the actual
THz-IF measurement leads to the small error between the
simulated and measured curves.

In addition, the reflection coefficient of the THz wave in
APPJ is almost 0, and the absorption coefficient changes
inversely with the change of transmission coefficient, which
indicates that the absorbing collision effects play a major role
in the attenuation of THz waves in APPJ, and the reflection
effect is almost negligible. As the wave frequency increases,
the sum of THz-wave transmittance and absorptivity in APPJ
is always equal to 1 (the reflection is almost 0), which verifies
the energy conservation law satisfied in the interaction of the
THz wave with the APPJ.

Fig. 11(a) shows that the transmittance of THz waves in
APPJ decreases with the increase of discharge voltage under
the same needle electrode radius, the reason is that higher
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discharge voltage leads to higher electron density and stronger
absorption of THz wave. This phenomenon that a stronger
absorption effect on THz waves with increasing voltages can
be observed in Fig. 11(b). The THz-wave transmittance and
absorption in the APPJ show an opposite trend for the increase
of the needle electrode radius, as shown in Fig. 12. When the
needle electrode radius was increased from 0.25 to 0.75 mm,
THz-wave transmittance at 0.1 THz increased from 0.79 to
0.92, and the absorption increased from 0.21 to 0.08. With
the increase of THz wave, the transmittance and absorptivity
gradually are close to 1 and O, respectively, which is due to
the strong energy of high-frequency electromagnetic waves to
penetrate the plasma.

Based on the analysis of the above results, the plasma dis-
tribution produced by APPJ meets the Gaussian distribution,
the electron density is up to 10! m~3, and the plasma sheath
thickness is about 5 mm, which is highly compatible with the
plasma sheath environment around HIFIRE-5b vehicle. And
through the theoretical and experimental research in APPJ,
it is observed that the absorption effect plays a major role in
the transmission characteristics of THz wave in APPJ, and the
reflection effect can be almost ignored, which is consistent
with the phenomenon observed in HIFIRE-5b vehicle in our
previous research [14], [15]. The THz transmission research
results in the APPJ verify the feasibility of the APPJ device
used in the ground test for reentry communication research.
More importantly, the theoretical model and THz-IF diagnostic
method developed in this article are of great significance to the
ground test verification of the reentry communication scheme
for APPJ or plasma-jet-type wind tunnels in the future.

V. CONCLUSION

A joint simulation model of APPJ discharge and THz prop-
agation was developed to investigate the plasma characteristics
and THz-wave propagation characteristics in atmospheric-
pressure plasma jet, the electron density is verified by com-
paring THz-IF measurement results and reported experiment
results by THz-TDS system, and the THz-wave transmis-
sion coefficient in APPJ is verified by comparison with the
THz-IF experimental results. The simulation results show good
agreement with the experimental results, which reveals the
feasibility and accuracy of the joint simulation model.

Furthermore, the effects of different discharge voltages and
needle electrode radius on the electron density and THz-wave
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propagation characteristics in APPJ are discussed. The electron
density increases with the discharge voltage, leading to a
decrease in THz-wave transmittance. For the needle electrode
radius, the electron density and THz-wave transmission are
affected exactly opposite to the discharge voltage. Through
further analysis of the reflection coefficient and absorption
coefficient, it is concluded that the absorption effect plays
a major role in the THz-wave transmission characteristics
in APPJ, and the reflection effect can be almost ignored,
which is consistent with the phenomenon observed in the
HIFIRE-5b vehicle. In addition, electron density and plasma
sheath thickness in APPJ can be adjusted by the discharge
voltage or needle electrode radius, and pipe diameter, respec-
tively. By changing these APPJ configurations, the plasma
environment in the APPJ can be highly matched with the
real reentry plasma sheath under different flight parameters
and vehicle shapes, which will be further explored in the
subsequent work.
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