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ABSTRACT: This paper presents the electromagnetic wave propagation characteristics in plasma
and the attenuation coefficients of the microwave in terms of the parameters ne, v, w, L, ws. The
¢800 mm high temperature shock tube has been used to produce a uniform plasma. In order to get
the attenuation of the electromagnetic wave through the plasma behind a shock wave, the microwave
transmission has been used to measure the relative change of the wave power. The working frequency
is f = (2 ~ 35)GHz (w = 2« f, wave length A = 15cm ~ 8 mm). The electron density in the plasma
is ne = (3 x 10'® ~ 1 x 10*)cm . The collision frequency v = (1 x 108 ~ 6 x 10'°)Hz. The
thickness of the plasma layer L = (2 ~ 80) cm. The electron circular frequency wy = eBg/me, magnetic
flux density By = (0 ~ 0.84) T. The experimental results show that when the plasma layer is thick
(such as L/X > 10), the correlation between the attenuation coefficients of the electromagnetic waves
and the parameters n., v, w, L determined from the measurements are in good agreement with the
theoretical predictions of electromagnetic wave propagations in the uniform infinite plasma. When the
plasma layer is thin (such as when both L and A are of the same order), the theoretical results are
only in a qualitative agreement with the experimental observations in the present parameter range,
but the formula of the electromagnetic wave propagation theory in an uniform infinite plasma can not
be used for quantitative computations of the correlation between the attenuation coefficients and the
parameters ne, v, w, L. In fact, if w < wp, v? € w?, the power attenuations K of the electromagnetic
waves obtained from the measurements in the thin-layer plasma are much smaller than those of the
theoretical predictions. On the other hand, if w > wp, v? € w? (just v & f), the measurements are
much larger than the theoretical results. Also, we have measured the electromagnetic wave power
attenuation value under the magnetic field and without a magnetic field. The result indicates that the
value measured under the magnetic field shows a distinct improvement.
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1 INTRODUCTION

A great attention has been paid to the electro-
magnetic wave propagation characteristics in plasma
because of its important engineering applications.
There has been a reasonable theoretical modell*?!
in the infinite uniform and non-electromagnetic field
plasma, but it is not quite valid in the thin layered
plasma. Besides, the nature of the plasma and the
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characteristics of the electromagnetic wave propaga-
tion in the plasma will be changed owing to the ad-
ditional magnetic field. In light of the correlation
between the electromagnetic wave working frequency
w, the natural frequency of electron in plasma w,,
the collision frequency v, the electron cyclotron fre-
quency wjp and the thickness L of the plasma sheath,
the quantitative study of the electromagnetic wave

propagation along the magnetic field direction in an

* The project supported by the National Natural Science Foundation of China (19982005 and 10032050) and the National

Defense Science Foundation of China
T E-mail: zny@imech.ac.cn



Vol.20, No.3

anisotropic plasma will be very difficult, and the ex-
perimental research becomes very important.

2 ELECTROMAGNETIC WAVE INTERAC-
TION WITH PLASMA

It is assumed that the plasma consists of equal
numbers of positive ions and free electrons together
with a number of neutral particles. The charged par-
ticles maintain an average equilibrium separation dis-
tance due to their electrostatic fields. If one of the
charged particles is displaced from its equilibrium po-
sition and the other charges remain fixed, the dis-
placed charge will oscillate about its equilibrium posi-
tion in a manner of a mass on a spring. The particle is
the mass, the restoring electrostatic force due to the
neighboring charged particles is the spring, and the
collisions of the oscillating charge with the neutral
particles constitute the damping. The frequency of
oscillation of the charged particle is called the plasma
frequency. It is the natural frequency of a free charge
in a plasma. The natural frequency wj, for electrons
in the plasma is defined by the relation

wp = (nee® [eome)'/? &)

where n, is the number of electrons per unit volume,
—e is the electronic charge, m, is the mass of the elec-
tron, and ¢ is the permittivity of the free space. Since
the ion mass is about four orders of magnitude larger
than the electron mass, the ion plasma frequency is
much smaller than the electron plasma frequency for
a given plasma.

In the preceding example the electron was dis-
placed from its equilibrium position and was allowed
to oscillate at its natural frequency in the plasma.
An electromagnetic wave, however, acts as a pe-
riodic driving force on the electron. If the driv-
ing frequency (i.e., the electromagnetic wave fre-
quency) is considerably less than the natural fre-
quency of the plasma electron and if the collision
damping of the electron motion is small, the inertial
effects are small and the electron will oscillate at the
driving frequency. The oscillating charge acts as a
dipole radiator, producing both a forward-traveling
and a backward-traveling electromagnetic wave. The
backward-traveling wave appears as a reflected wave
while the forward-traveling wave is out of phase with
the driving signal and tends to cancel it. This pro-
cess is repeated as the driving signal penetrates the
plasma, resulting in an attenuation of the driving sig-
nal, which increases with the thickness of the plasma.

The situation is completely changed when the
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frequency of the electromagnetic wave is much greater
than the electron plasma frequency. The electron
now exhibits large inertial effects and oscillates only
weakly at the driving frequency. As a result, the elec-
tromagnetic wave propagates unattenuated if no elec-
tron collisions occur. A slight reflection and atten-
uation of the electromagnetic wave is experienced if
electron collisions do occur.

The wave equation satisfied by the electric field
vector E for the interaction between electromagnetic
waves and plasma in a homogeneous isotropic source-
free medium is!!

2

V2E - /w'%—f - ue%;f- =0 (2)
where p is the permeability, o is the conductivity,
¢ is the permittivity, 0 = eow,/(v + iw)(v? + w?),
e = (K, +i1Ki)eo, Kr = XZ /(14 27), X = W2/u?,
Z = v/w, and v is the electron collision frequency, w is
the electromagnetic wave frequency. One-dimensional
plane-wave solutions of Eq.(2) are of the form!?!

E = Ejexp[t(a - if)z] (3)

where Ej is a vector constant. The attenuation coef-
ficient o and the phase coeflicient § are defined as

o = Ko S[(K2 + K2) - 3w

p=rfil k) i)} )

When the electronic density in the plasma increases,
K, and a will increase in general, that is to say, the
attenuation of the electromagnetic wave will increase
during the propagation.

When there is a static magnetic field in the
plasma, with the coordinates so chosen that the mag-
netic field is in the z direction, the complex dielectric
coefficients of the plasma (K) will be given byl®!

€11 i€l 0
K = |—ie12 €11 0 (6)
0 0 £33

where 11 = 1+ X (1-12)/[Z+1(1 -Y)|[Z+i(1+Y)],
€12 = XY/[Z + i(]. - Y)][Z + 1(1 + Y)], £33 —
1-X/(1412), Y = wp/w, wp = eBg/m., wy is the elec-
tron cyclotron frequency, By is the magnetic flux den-
sity. The free electrons take a circular motion with wy
in a plane perpendicular to the magnetic line. If the
By is large enough, the cyclotron radius of electrons
will be very small. It means that the electrons will be
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frozen around the magnetic line and has no effect on
the plane electromagnetic wave, which is perpendicu-
lar to By in front of the wave. The above condition is
advantageous for the electromagnetic wave to pene-
trate the plasma. For the propagation of plane waves
in the uniform plasma along the direction of the static
magnetic field, the attenuation coefficient a and the
phase coeflicient 3 for the electromagnetic fields are

or = Ko (K% v k4) - K]} )

B = KO{%[(sz: + KL ) + Kox] }1/2 (®)

where K, =1 - X(1+Y)/[Q1£Y%3) + 2%, Kix =
XZ/(1£Y)? the subscript + represents the left-
hand circularly polarized wave, the subscript — repre-
sents the right-hand circularly polarized wave. From
above formula, for the left-hand circularly polarized
wave, if the magnetic flux density By increases, Y
increases and a4 decreases. In general, for the right-
hand circularly polarized wave, if By and Y are large
enough, the attenuation coefficient a_ will rapidly de-
crease.

3 EXPERIMENTAL EQUIPMENT

The uniform plasma is obtained from the exper-
imental section of the shock tubel?! and the transmit-
ting antenna is fixed on the Teflon window in the side-
wall of the experimental section. The electromagnetic

ignition wire

monochromator | e
and oscillograph i

wave enters in this section through the window and
interacts with the shell layer of the plasma, and then
the wave passes through the symmetric Teflon win-
dow in the lower sidewall of the experimental section
and is received by a receiving antenna at the bottom
of this section, as shown in Figs.1~3.

The superconductor coil fixed in the Dewar bot-
tle is arranged around the transmitting antenna. The
magnetic field direction of the coil center coincides
with the propagation direction of the electromagnetic
wave or in its opposite direction, but the magnetic
field direction is perpendicular to the flow direction
of the plasma.

By using an electric probe in the sidewall of
the shock tube to trigger the recorder TCG8000
through an amplifer M113, one may guarantee the
synchronous operation with the plasma in the shock
tube.

The microwave signal is in a continuous work-
ing status. When the plasma behind the shock wave
reaches the window in the experimental section, the
electromagnetic wave will attenuate. If there is a
strong magnetic field in this time, the attenuation
level of the electromagnetic wave is different from that
with no magnetic field. The records of these two ex-
periments of the same parameters with and without
magnetic field are compared, and the influence of the
magnetic field to the electromagnetic wave propaga-
tion characteristics can be seen.
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Fig.1 The experiment setup of ¢800 mm shock tube and the

measurement instruments
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1 — plasma flow

3 — receiving antenna
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7 — incident shock wave region
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6 — shock tube wall

8 — reflected shock wave region

Fig.2 The experimental arrangement
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Fig.3 The block diagram of microwave transmission

The signal of the microwave from the detec-
tor is sampled and stored by a transient converter
TCG8000. The oscilloscope SBM-14 is used to con-
tinuously display the signal. Another way is to use a
plotter WX4412 to record the plot.

4 CONDITION PARAMETERS

4.1 Electronic Density n.

The electron density behind normal shock waves
is measured systematically, over the range of P, =
(1.33 ~ 133)Pa, Mg = 9~ 225, by the use of

the near-free-molecular Langmuir probes, the ordi-
nary microwave transmission, the special highly sensi-
tive microwave transmission and microwave reflection
methods, and the microwave interferometer, made by
the authors. By using our data, an approximate equa-
tion n, o< Py is obtained for constants Mg. This ap-
proximate equation gives results that agree with the
theoretical predictions!®~7.

4.2 Collision Frequency v

The collision frequency in the plasma can be ex-
pressed asl®l
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U = Ugj + Ven (9)

The collision frequency of electron with positive
ion is
Vej = (8KT/7rme)1/2ni - Qe (10)
where K is the Boltzmann constant, m. is the mass of
electron, n; is the density of the positive ion number,
Qe is the collision section of electron with positive
ion. When the level of ionization is small, ve; K Ven
in general, and an approximate theoretical equation
may be used as

Qui = (20.2 x 1079)Ig(221T/nl/®)  (11)

The collision frequency of electron with neutral par-
ticle
Ven = (SKT/'/rme)l/zni “Qen (12)

where (Jo, is the average collision section of elec-
tron with neutral particle and can be determined by
experiments!®! or theoretical calculations.

4.3 Magnetic Flux Density By

The magnetic flux density caused by the super-
conductor coil is not only proportional to the local
current, but also bears a relation with the environ-
ment near the Dewar bottle and the experimental
section. In the experimental region of the ¢800 mm
shock tube, the magnetic flux density is about 0.01
T/A, as measured by the magnetic probe in the cen-
ter of Dewar bottom. The magnetic flux density in
the center of the experimental section in this test is
about 0.006 8 T/A by the theoretical calculation.

4.4 Electromagnetic Wave Attenuation

Characteristics

In order to acquire the exact power attenuation
of the microwave in different plasma shells and to
improve the power attenuation by a strong magnetic
field, a precise attenuator HEWLETT PACKARD is
used to give a static demarcation for the attenuation
characteristic curve. The attenuator is composed of a
series connection of 8496 B ATTENUATOR/110dB
and 8494 B ATTENUATOR/11dB and has a work-
ing frequency range of DC-18 GHz. This attenuator
is put in series in the actual circuit of this test in
order to simulate the power attenuation caused by
plasma. In the condition of each grade from 0dB
to 25dB, the electric wave signal, which is acquired
from TCG8000, may be plotted by WX4412 plotter to
show the effective amplitude value. If we let the am-
plitude be equal to one for 0dB and then the other
value of amplitude in various dB may be obtained.

2004

A curve (a static demarcation curve) for the relative
amplitude value of the electromagnetic wave against
the power attenuation value is obtained. Every sheet
of the electromagnetic wave signal pattern is recorded
in the experiment. Based on the relative attenuation
amplitude value in the actual measurement, the cor-
responding power attenuation is very easy to be read
in light of the demarcation curve.

5 EXPERIMENTAL RESULTS

The experimental results show that: when the
plasma layer is thick (such as L/A > 10), the cor-
relation between the attenuation coefficients of the
electromagnetic waves and the parameters n., v, w, L
determined from the measurements are in good agree-
ment with the theoretical predictions for electromag-
netic wave propagations in the uniform infinite plasma
(Figs.4 and 5, Tables 1~3).
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Table 1 Influence of v on «

ne/cm™3 Zfem f/GHz  v/Hz  «/(Neper-m™1!)
1.9 x 1012 80 35.5 1.0 x 101° 2.9
1.6 x 1012 80 355 1.1 x10° 0.31

Table 2 Influence of A on K

ne/cm™3 v/Hz Z/cm A/cm K/dB
2.8 x 1012 3 x 108 80 3 20
2.8 x 1012 3 x 108 80 0.8 1
Table 3 Influence of Z on K

e /cm™3 v/Hz A/cm Z/ecm  K/dB
1.1 x 1033 1.7 x 10° 0.8 3.3 1
1.1 x 1013 1.7 x 109 0.8 13 10
1.1 x 1013 1.7 x 102 0.8 80 20

When the plasma layer is thin (such as when
both L and X are of the same order), the theoreti-
cal results are only in a qualitative agreement with
the experimental observations in the present param-
eter range, but the formula of the electromagnetic
wave propagation theory in a uniform infinite plasma
can not be used for quantitative computations of the
correlation between the attenuation coefficients and
the parameters n., v, w, L.
v? & w?, the power attenuations K of the electro-
magnetic waves obtained from the measurements in
the thin-layer plasma are much smaller than that of
the theoretical predictions (Table 4). On the other
hand, if w > w,, v? < w? (just v & f), the mea-
surements are much larger than the theoretical results
(Table 5).

In fact, if w < wp,

Table 4 Comparison of experiment and Eq.(4)

F/GHz n./em™® w/Hz Lj/em Kexp/dB Kgg.(4)/dB

9.178 1x 1013 2x10° 4 3 210
9.178 8x 1012 1.5x10° 6 1 280
9.178 4 x10'? 3 x10? 6 4.4 200
592 8x10'% 15x%x10° 6 3 280

Table 5 Comparison of experiment and Eq.(4)

F/GHz n./em™® wv/Hz L/cm Kexp/dB Kgg(a)/dB
9.178 5x 10" 8x10° 6 30 3.4

9.178 5x 10 8x10° 6 30 3.4
9.178 3x 101 7x10° 4 2.7 0.12
9.178 9x 1011 3x10° 4 2 0.15

Meanwhile, we investigate the propagation
characteristics when 3.9 GHz microwave penetrates
through the thin plasma layer under strong mag-
netic fields and two states (n. ~ 3 x 103 cm™3

, U R
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9 x 10°Hz, By ~ (0 ~ 0.84) T; n, ~ 4 x 10'2cm™3,
v & 2.4x 10° Hz, By ~ (0 ~ 0.84) T) are tested. Also,
we measure the electromagnetic wave power attenu-
ation value under the magnetic field and without a
magnetic field. The result indicates that the value
measured under the magnetic field shows a distinct
improvement (Table 6).

Table 6 The influence of a magnetic field

L/ecm  nefcm™3 vfs7! By/T K/dB

0 6.1

4 3 x 1018 9 x 109 0.50 1.6
0.64 1.1

0 4.6

0.44 2.8

4 4x1012 2.4 x10° 0.66 1.2
0.74 1.6

0.84 0.9

6 CONCLUSIONS

The experimental results show that when the
plasma layer is thick (such as L/A > 10), the cor-
relation between the attenuation coefficients of the
electromagnetic waves and the parameters n., v, w, L
determined from the measurements are in good agree-
ment with the theoretical predictions for electromag-
netic wave propagations in a uniform infinite plasma.
When the plasma layer is thin (such as when both L
and X are of the same order), the theoretical results
are only in qualitative agreement with the experimen-
tal observations in the present parameter range, but
the formula of the electromagnetic wave propagation
theory in a uniform infinite plasma can not be used for
quantitative computations of the correlation between
the attenuation coefficients and the parameters ne, v,
w, L. In fact, if w < wp, v* < w?, the power attenu-
ations K of the electromagnetic waves obtained from
the measurements in the thin-layer plasma are much
smaller than those of the theoretical predictions. On
the other hand, if w > w,, v? < w? (just v ~ f), the
measurements are much larger than the theoretical
results.
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