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The calculations of the angle of microwave ray deviation ¢ as a function of the angle of the ray incidence y on
inhomogeneous plasma have shown that a part of the microwave rays may arrive at the horn antenna installed at a
fixed angle relative to the plasma. The undertaken experiments have registered the microwave scattering at angles of
~ 60° and ~ 120°. The analysis of the experimental data has shown that at N, > N, the observed scatter is connected
with the microwave ray refraction in inhomogeneous plasma.

PACS: 52.70.-m; 52.70.Gw; 52.80.Sm

INTRODUCTION

Experimental studies of plasma in crossed fields
ExB are of interest for solving a wide range of purely
physical and applied problems. One of these problems is
the research into the multicomponent gas-metal rotating
plasma, which is generated in the cross-field ExB de-
vices, e.g., in the reflex discharge (Penning discharge)
[1]. Among the methods of plasma diagnostics, the mi-
crowave techniques have gained wide recognition [2-4],
including the methods based on microwave refraction in
plasma [5-8]. The use of microwave refraction makes it
possible to measure some plasma parameters in the
plasma column cross-section at oblique incidence of the
probing microwave ray. These measurements call for
wide-range variations in the angle of horn antenna incli-
nation relative to the plasma, and this is not always fea-
sible in practice. On the other hand, the rays emitted
from the horn diverge and intersect different plasma
layers, and this can be used, in principle, for plasma
diagnostics. This is of particular assistance in the case
when the plasma density is above the critical value, and
the end-to-end probing is impossible.

So, for extending the capabilities of the microwave
diagnostics of the multicomponent gas-metal rotating
plasma, it is reasonable to consider the possibility of
using the electromagnetic wave refraction in the periph-
eral plasma column layers, this being of particular im-
portance in the realization of magneto-plasma separa-
tion of substance into elements and mass groups [9-11].

1. EXPERIMENTAL INSTALLATION AND
DIAGNOSTIC TECHNIQUES

Experiments on microwave refraction in inhomoge-
neous rotating plasma were performed at the “MAKET”
facility [1], which can provide a high-power pulsed re-
flex discharge in crossed ExB fields. The multicompo-
nent gas-metal plasma was generated in the environ-
ment of the ignition gas and the sputtered cathode mate-
rial. The cathodes were made from a composite materi-
al, namely, copper, onto which Zr was deposited by the
vacuum-arc method. More detailed description of the
experimental facility can be found in ref. [1]. The exper-
iments were carried out at the following initial condi-
tions: the magnetic field of mirror configuration B <
0.45 T; the discharge voltage and current: U <4.2 kV
and | < 1.8 kA, respectively; Ar was used as an ignition
gas at a pressure between 0.6 and 3 Pa.
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The mean plasma density was determined by means
of a microwave interferometer. Simultaneously with the
interferometer measurements the scattered microwave
signal was registered. The plasma cylinder was probed
using an ordinary wave (O-wave) at the frequency
f=37 GHz. In the experiments, pyramidal horn antennas
were used for transfer and reception of the microwave
radiation. The horn antennas were installed at diagnostic
ports, the design of which does not allow variations in
the angles of antenna inclination relative to the plasma.
Therefore, precomputations were made to estimate the
ray deflection angle versus the angle of ray incidence on
the inhomogeneous plasma for a number of model
plasma density distribution functions. The computation
data have shown the possibility in principle to use in the
given case the phenomenon of microwave refraction for
plasma diagnostics. A more detailed discussion of the
results will be given below.

2. MICROWAVE RAY TRAJECTORIES IN
THE PLASMA CYLINDER

In the geometrical optics approximation, the differ-
ential equation of the microwave ray trajectory in the
plasma cylinder (Fig. 1) has the form [8]:
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where ¥ is the angle between the line of propagation
and the cylinder radius at the point of ray incidence on
the plasma cylinder; ¢ is the deviation angle of the radi-
us-vector from its initial position; R is the cylinder radi-
us; r is the running coordinate; no is the refraction index
for the O-wave. The deflection angle of the ray radius-
vector from its position on entering the plasma can be
determined through integration of Eq. (1):
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where ry is the turning point of ray trajectory, which is
determined from the condition:
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In the case when the ratio of the effective collision
frequency to the probing frequency is Ve / @ << 1, the
refraction index for the O-wave in the plasma is equal to
[3.4]:
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where w is the probing frequency, w,(r) is the plasma
frequency, Ny(r) is the plasma electron density, N is
the critical plasma density.

In the experiments, we have used two receiving horn
antennas, which were turned, relative to the radiating
horn antenna by a fixed angle equal to ¢, =60 and
¢, = 120", Taking into account the horn antenna aperture
, the angle of microwave radiation reception amounts to
91~60+9 and ¢, ~ 120"+ 9’, respectively.

In view of the above, calculations were made for the
deflection angle ¢ of the microwave ray as a function of
the angle y of the ray incidence on the inhomogeneous
plasma. The calculation data are presented in Figs. 2
and 3. As it is obvious from Fig. 2, at certain Ny(0)/Nc.
values a part of the rays may enter the receiving horn
antennas. The calculations show (see Fig. 2) that with
the  parabolic  plasma  density  profile at
0.25< Np(0)/N, <1, the microwave ray comes to the
second receiving horn antenna deflected relative to the
radiating antenna by the angle ¢,~120+9. At
1.75 > Ny(0)/Ngr. > 1 the microwave ray comes to the
first receiving antenna (¢, ~ 60+ 9°). Hence it follows
that at the given initial conditions and density variations
with time, e.g., density increase, the microwave signal is
first registered by the second receiving antenna
9,~120+ 9" (there is no signal in the first antenna).
Later on, at N(0)/N,, > 1 the signal is registered by the
first receiving antenna ¢; ~60+9 (no signal in the
second antenna), and in the case of 175 > Ny(0)/N; there
is no signal in the both antennas. At plasma decay, a
similar pattern is to be observed, but in the reverse se-
quence.

Naturally, the deflection angle ¢ of the microwave
ray is dependent not only on the angle of the ray inci-
dence v and the plasma electron density, but also on the
plasma density profile (see Eqgs. (1)-(4)). Therefore,
calculations were carried out for a number of model
functions of plasma density distributions (see Fig. 3).

The curve behavior given in Fig. 3 is similar to that
described above. In this case, at the same angle y of the
microwave ray incidence the deflection angle ¢ of the
ray is dependent on the plasma density profile. This
dependence enables one to determine experimentally the
plasma density profile [6, 7].

The obtained calculation data demonstrate the possi-
bility in principle to use in the given case the phenome-
non of microwave refraction for plasma diagnostics.
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Fig. 1. Microwave ray trajectory in the plasma cylinder
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Fig. 2. Deflection angle ¢ of the ray versus the angle w
of ray incidence on the inhomogeneous plasma for dif-
ferent Np(0)/Nc,. values
(density profile is Np(r) :Np(O)(l-(r/R)z))
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Fig. 3. Deflection angle ¢ of the ray versus the angle w
of ray incidence on the inhomogeneous plasma.
(@) Np(0)/Ngr. = 0.75; (b) Ny(0)/Nr, = 1.25.
Density profile: 1 — Ny(r) =N,(0)(1-(r/R));
2 —Ny(n) :Np(O)(l—(r/R)Z); 3 — Ny(r) =N,(0)cos(1-
(rt/2R)%; 4 — No(r) =N,(0)J(2.405r/R)

3. EXPERIMENTAL RESULTS AND
DISCUSSION

The previous investigations of the plasma generated
in a high-power pulsed discharge [1] have demonstrated
that the time dynamics of the mean gas-metal plasma
density can be divided by convention into three stages.
The first stage presents the plasma creation and its den-
sity increase up to N, = 1.7-10™ cm™. The second stage
is the plasma existence with the density attaining
N,~ 10* cm™ and more. The third stage presents the
plasma density decrease and decay.

In the present experiments, we have registered the
microwave scatter at angles ¢;~60+9  and
9,~120+ 9", Fig. 4 shows the scatter oscillogram taken
at the angle ¢; = 60°+ 9" and the time behavior of the
mean plasma density. As is seen from Fig. 4,b, the scat-
ter signal is registered at both the densities N, > N, and
N, < Ng. Note that at N, > N, there is the span (0.7 to
1.2 ms), within which the scatter signal is absent. A
similar situation is observed for scatter at the angle
9,~120+9" (Fig. 5). Fig. 6 shows the scatter disper-
sion oscillograms taken at the angles ¢, ~60+9" and
9,~ 120"+ 9" with simultaneous registration of the sig-
nals. In the given case the following time sequence of
events is observed (Fig. 6): (1) the signal is registered on
the second antenna (¢, ~120°+9°); (1) the signal is
registered on the first antenna (¢, ~ 60 + 9°), there is no
signal on the second antenna, the signal is not registered
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by both antennas; (I11) the signal is registered on the
first antenna (¢, =~ 60+ 9°), no signal on the second an-
tenna, the signal is registered by both antennas. Actual-
ly, taking into account the time behavior of the plasma
density, the observed pattern has appeared to be similar
to that resulting from the analysis of the calculation data
(see Sect. 2). This testifies that the approximations cho-
sen for the calculations prove able to describe to some
extent the experimental data. The presence in the two
oscillograms of the region that shows no scatter signal is
evidently indicative of the considerable size of the layer
having the density N, > N

The analysis of the calculation data (see Figs. 2 and
3) and the experimental data (see Figs. 4-6) shows that
the occurrence of the signal scattered by the angle
p1= 60+ 9” at the plasma density Np > Ngr, and the sig-
nal scattered by ¢, ~ 120°+ 9" at Np < N is connected
with the microwave ray refraction in the inhomogene-
ous plasma. However, by the law of refraction, the pres-
ence of the scatter signal at N,/ N <0.25 cannot be
observed. In this case, the received scatter signals are
due, on the one hand, to microwave scattering by plas-
ma fluctuations [2-4, 12], and on the other hand, to pos-
sible reflection from the discharge chamber wall [13].

The estimations in the geometrical optics approxi-
mation show that at a low plasma density a single ray
reflection from the chamber wall, followed by the ray
entry into the receiving antennas, is possible. The radia-
tion absorption in the metal chamber, whose dimensions
are  much  greater than  the  wavelength
(20 cm >> A =0.8 cm in this case), may be high regard-
less of the plasma absorbing capacity. The rays intro-
duced through the antenna into the metal chamber expe-
rience multiple reflections from the chamber walls.

Moreover, the metal chamber can be also considered
as a microwave resonator, where a great variety of oscil-
lations can be excited [4, 14]. Accordingly, the plasma
absorptivity of radiation brought to the chamber is de-
termined by [4]:

A=(1-|rR[) = ©

Apl + szl

where R is the coefficient of wave reflection from the
plasma resonator; A, is the wave absorption coefficient
in single-passing through the plasma; A, is the absorp-
tion coefficient at reflection from the wall. With good
antenna matching, the coefficient R can be low,
| R| << 1. The power absorbed in reflection from the
chamber walls is determined by effective conductance
of the walls a, by the angle of incidence and polarization
of the radiation. As the estimations of ref. [4] show, the
coefficient A,; ranges within 10 to 10™ of the micro-
wave. The calculations made in [4] have indicated that
the maximum absorption coefficient is observed at
Np ~ Ng. The decrease in the absorption coefficient at
lower concentrations is due to the increased passage of
radiation through the plasma at high concentrations with
rays reflection from the plasma. The present experiments
(see Figs. 4, 5) have demonstrated the decrease in the
scatter signal amplitude as the density decreases. This is
evidently due to the increase in the collision frequency
[15], and accordingly, in the absorption coefficient.
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Fig. 4. Time dependence of the mean plasma doensity (@)
and the signal scattered by the angle ¢; =60 £ 9 (D).
(Ugis, = 3.8 kV, Ug = 1.45kV; p = 2.5 Pa)
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Fig. 5. Time dependence of the mean plasma dgnsitoy (@)
and the signal scattered by the angle ¢, =~ 120 + 9 (b).
(Ugis. = 3.8 kV, Ug = 1.45kV; p = 2.7 Pa)
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Fig. 6. Time dependence of the signals scattered by the
angles ¢, =60 £9 (a) and ¢, =~ 120 £9 (b).
(Ugis, =3.7kV, Ug = 1.4 kV; p=1.16 Pa)

CONCLUSIONS

Calculations have been made to determine the de-
pendence of the deflection angle of the microwave ray,
@, on the angle of its incidence, y, onto the inhomoge-
neous plasma. The calculation data have shown that a
part of microwave rays may enter the horn antenna in-
stalled at a fixed angle with respect to the plasma.

The present experiments have registered the micro-
wave scatter at angles of ~ 60° and ~ 120°. The analysis
of the experimental data has shown that at N, > N, the
observed scatter signal is related to the refraction of
microwave rays in inhomogeneous plasma. At N, < N,
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the received scatter signal is due, on the one hand, to
microwave scattering by plasma fluctuations, and, on
the other hand, to possible reflection from the discharge
chamber wall.

Thus, the present studies have demonstrated the pos-
sibility in principle of using the phenomenon of micro-
wave refraction for diagnostics of multicomponent gas-
metal rotating plasma.
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PE®PAKIMSI MUKPOBOJIH B HEOJJHOPOHOM BPAIIAFOIIENCS IIJIABME
1O.B. Koémyn, E.B. Ciocvro, E.H. Ckubenxo, A.H. Ckubdenxo

ITpoBeneHs! pacyéTsl 3aBUCUMOCTH yTJIa OTKIOHEHHS ¢ MUKPOBOJHOBOTO JIy4a OT yIJIa €ro MajeHHs ¥ Ha Heoll-
HOPOJIHYIO TUIa3My, KOTOPBIE TIOKa3alH, YTO YaCTh MUKPOBOJIHOBBIX JIydel MOXKET HOoNajaTh B PyHOPHYIO aHTEHHY,
YCTaHOBJICHHYIO 1O/ (PMKCHPOBAHHBIM YIJIOM II0 OTHOIICHHIO K IUIa3Me. B IpOBENEeHHBIX KCIEpHMEHTaxX OBbIIo
3a(hUKCHPOBAHO pacceMBaHUE MUKPOBOIH NOJ yriraMu ~ 60° u ~ 120°. AHanm3 SKCIIepUMEHTAIbHBIX JaHHBIX ITOKa-
3an, yto mpu Np > N¢, HaOmoaeMblil paccesiHHBIN CUTHAJ CBA3aH ¢ pedpakuyeil MUKPOBOJIHOBBIX Jydel B HEOHO-
POZIHOI MIa3Mme.

PE®PAKIIISI MIKPOXBIJIb B HEOJJHOPIIHIN IIJTA3MI, IO OBEPTAETBHCSI
FO.B. Koemyn, €.B. Ciocvko, €.1. Ckubenko, A.1. Cxivenko

[IpoBeneHi po3paxyHKH 3aJ€KHOCTI KyTa BIAXMICHHS ¢ MIKPOXBHIBOBOTO MMPOMEHS Bijl KyTa HOTO MaIiHHA Y Ha
HEOJ/IHOPIHY IUIa3My TOKa3alid, 1[0 YaCTHHA MiKPOXBHJIBOBHX MPOMEHIB MOXE IHOTPAIUIATH B PYINOPHY aHTEHY,
BCTAHOBJIEHY i1 (DIKCOBAaHMM KyTOM II0 BITHOIIEHHIO JIO TUIa3MH. Y TPOBEIEHUX eKcliepuMeHTax Oyio 3adikcoBa-
HO pO3CIIOBaHHS MIKPOXBWIIb MiJ Kyramu ~ 60° i ~ 120°. AHai3 eKcliepuMEHTaIbHUX JaHUX MOKa3aB, IO NpPH
N, > N¢,. ciocTepesxyBaHuil po3CissHUI CUTHAJ MOB'A3aHUM 3 pedpaKilielo MiKpOXBHILOBUX IIPOMEHIB B HEOJJHODI-
Hilf I1asmi.
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