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Introduction

Plasma in crossed electrical and magnetic fi elds is 
attractive for a wide range of physical and applied 
problems concerning the laboratory, fusion, and 
space plasmas [1–4]. One of the features of such 
plasma is its rotation. Under certain conditions, 
various instabilities may develop in a rotating plasma 
[2, 4, 5]. The probe method can be used to diagnose 
plasma inhomogeneities [6, 7]. This is a contact 
method, and so, it has limitations on plasma density 
and temperature. The microwave methods which 
include no contact and at the absence of temperature 
limitations are good for diagnostics of dense and hot 
plasmas [8, 9]. To diagnose dense plasma (Ne  1012 
– 1014 cm–3), methods of microwave plasma refl ec-
tometry (including correlation, correlation poloidal, 
and Doppler refl ectometry) are widely used [8–13]. 

Plasma diagnostics also use methods based on 
the refraction of microwave rays in plasma [14]. The 
method for the determining local inhomogeneities 
of the rotating plasma was proposed in the study by 
Kovtun and Siusko [15]. Approbation of the method 
was tested on a mechanical model [15, 16]. The 
method is based on spectral and correlation analysis 
of refl ected signals from the plasma during normal 
and oblique microwave probing. Thus, the use of 
this method allowed us to identify the oscillation 
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of the electron plasma density with the azimuthal 
mode m = 3 and to determine the values of the 
azimuthal displacement of the grooves and angular 
frequency. This method is most applicable when the 
microwave length is smaller than the area of plasma 
inhomogeneity.

This work is a continuation of the earlier studies 
[15, 16]. The main goal was to further develop a 
method for determining local plasma inhomogene-
ities, expanding its possibilities and informativeness. 
Four horn antennas were used simultaneously for 
this purpose. One horn antenna was transmitting 
and receiving signals, while the other three were 
only receiving signals. This allowed the analysis of 
two regions in the rotating plasma, in addition to 
control more accurately the time interval when the 
microwave cannot propagate through the plasma 
column. 

Experimental setup

An experimental study of dense multicomponent 
plasma was carried out on the MAKET facility. The 
experimental setup is a Penning cell in which high-
-power pulsed refl ex discharge in cross electrical 
and magnetic fi elds is realized [17]. A schematic 
representation of the MAKET facility is shown in 
Fig. 1. The maximum values of the discharge 
system parameters are as follows: discharge volt-
age: 5 kV, pulse time: ~4 ms, discharging current: 
~2 kA, battery capacity: 560 F, and stored energy: 
7 kJ. The magnetic fi eld was generated by a solenoid 
consisting of six coils. The two end coils produced 
magnetic mirrors with a mirror ratio of 1.25. The 
parameters of the magnet mirror discharge system are 
as follows: discharge voltage: 3 kV, magnetic induc-
tion: 0.9 T, pulse duration: 18 ms, vacuum chamber 
volume: ~7 × 104 cm3, plasma volume: ~104 cm−3, 
and chamber radius: 10 cm. The radius of the plasma 
layer with a density above 1.7 × 1013 cm−3 is 5 cm [15]. 

The vacuum chamber was pumped to a pressure 
of 1.3 × 10−4 Pa; then , Ar working gas was injected 
into the chamber at a pressure of 0.28–0.96 Pa. 
The cathodes were made of Ti. The initial voltage 
of the capacitive storage was set at U0  3.6 kV; the 
maximum current was up to 1.2 kA. The electrical 
discharge was initiated with a delay of 2 ms relative 
to the magnetic fi eld. Discharge current and voltage 
were measured by Rogowski coil and voltage divider, 
respectively. A ballast resistance of R = 2.6 Ohm 
was used to limit the discharge current. 

Diagnostic techniques

Plasma probing was carried out by an ordinary wave 
(O-wave) at the frequency range of 38.23 GHz. 
In the experiments, we simultaneously recorded the 
transmitted and refl ected microwave signals during 
normal and oblique sounding. Four pyramidal horn 
antennas were used for transmitting and receiving 
microwave radiation. The geometric dimensions of 
the antennas and of the material (stainless steel) 
from which the antennas are made are identical. 
Figure 2 shows a picture of the horn antenna in-
stalled in the MAKET facility and its geometric 
dimensions. The size of the cross section of the 
antenna is as follows: antenna opening: ab 35 mm, 
axial height: 92 mm, aperture angle: 9°, and the 
opening of the rectangular waveguide: a = 7 mm, 
b = 3 mm. 

The arrangement of the horn antennas for the 
experimental installation is shown in Fig. 3. Antenna 
1 was used to transmit and receive microwave radia-
tion. Receiving antennas 2 and 4 were shifted along 
the azimuth at an angle of 60 ± 3° lower and upper 
relative to antenna 1. Antenna 3 was shifted by 
an angle of 180° to antenna 1. The horn antennas in 
the MAKET facility are installed in the diagnostic 
ports located in section AA (Fig. 1). Changing the 
angle of the antennas is not permitted by design. The 
diagnostic ports are removed at a distance of 50 cm 
from the ends of the vacuum (discharge) chamber 
and, respectively, at a distance of 30 cm from the end 
electrodes (cathodes). Microwave signals were gener-
ated by a G4-115 oscillator that can produce output 
power of up to 20 mW. The frequency error does not 
exceed 0.1%. The microwave radiation was detected 
by amplitude detectors (semiconductor microwave 

Fig. 1. A schematic image of the experimental MAKET 
facility. 1 – Cathode; 2 – the vacuum chamber (anode); 3 – 
the magnetic system; 4 – horn antennas; 5, 7 – insulators; 
6 – the vacuum-pumping system; AA, BB – sections of 
diagnostic ports. (The dimensions in the fi gure are in cm). 

Fig. 2. Geometric parameters of the horn antenna.

Fig. 3. The arrangement of the horn antennas in the 
experimental installation. 1 – Receiving and transmit-
ting antenna, 2 – receiving lower antenna, 3 – receiving 
antenna, 4 – receiving upper antenna.
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diodes). The relationship between the input power 
and the detected output voltage is the square root. 

Moreover, the time dependence of the voltage 
was measured using a high-voltage ohmic di vider. 
The voltage ratio was 921; and the rise time constant 
was less than 1 s. The time dependence of the inte-
gral fl ow of plasma emission from the discharge was 
registered using the photod etector. The photodetec-
tor is manufactured on the basis of the photodiode 
FDUK-13U and operates in a photodiode mode 
[17]. The photodiode has a wavelength range of 
 = 180…1100 nm with a maximum sensitivity at 
940 nm [18]. The rise time constant of the signal is 
~300 ns. It was installed on the surface of a quartz 
window in one of the ports of the BB section (Fig. 1). 
The voltage divider and photodetector signals were 
registered by the oscilloscope Tektronix TDS2014B 
with a bandwidth of 60 MHz. The microwave signals 
were registered by the four-channel oscilloscope 
Hantek DSO3064. 

The principle of the diagnostic method to determine 
local inhomogeneities of a rotating plasma

For describing the principle of the diagnostic 
method, the geometric optic approximation is 
used. The plasma is assumed to be a cylindrically 
layered plasma. The inclined microwave rays which 
go through the plasma continuously refract; then, 
they refl ect from the critical layer and go suppos-
edly through the same layers, making them move 
along the same optic path. The amplitude of the 
microwave signal in the receiver antenna is very 
sensitive to the inhomogeneities of the critical layer 
and depends on the distance from the critical layer 
to the antenna opening. The presence of additional 
antennas that receive the refl ected signal allows us 
to perform spectral and correlation analysis of the 
refl ected signals. Because the plasma rotates, when 
you know the period of rotation, it is possible to 
detect inhomogeneities of the critical layer, their 
number, and the azimuthal angle of displacement 
between them and the angular frequency of rota tion. 

To perform spectral and correlation analysis of re-
fl ected microwave signals, we used auto-correlation 
functions (ACFs) and cross-correlation functions 
(CCFs) [19]. The correlation (covariance) functions 
of stationary random processes for arbitrary fi xed t 
and k are defi ned as follows: 

(1)

(2) 

The quantity RAA(k) is called the ACF of A1(t), 
whereas R12(k) is called the CCF between A1(t) and 
A2(t). N is the number of points in the signal realiza-
tion, k is the time shifting, and A(t) is the amplitude 
of the received signals (A1 or A2).

The angular frequency of the rotating cylinder 
can be determined by  equation [20–22]: 

(3)

where  is the angular distance between the 
reception points of the refl ected wave (in case of 
use ACF  2) and  is the time shift between the 
maxima of the CCF or the ACF period (T ). Also, 
the aperture angle of the transmitting and receiving 
antennas to determine the angular distance should 
be considered. Simultaneous analysis of CCF and 
ACF allows us to determine the angular frequency 
of rotation more accurately, allowing us to determine 
with higher accuracy the presence and number of 
grooves. When the angular frequency and number 
of grooves are determined, it is easy to determine 
their azimuthal displacement angles. 

Experimental results and discussion

The experimental results are shown in Fig. 4. 
Figures 4a and 4b show the time evolution of 
discharge voltage and plasma optical emission 
intensity, respectively. A closer look at the time 
evolution of discharge voltage is shown in Figs. 5a 
and 5b. The time evolution of the amplitude of the 
detected microwave signals is shown in Figs. 4c–f. 
The microwave signal transmitted across the plasma 
column as shown in Fig. 4c was received by antenna 
3 (see Fig. 3). When the critical density Ncr = 1.81 
× 1013 cm−3 for frequency 38.23 GHz is reached, the 
ordinary wave cannot propagate through the plasma 
column. Accordingly, the amplitude of the signal 
decreases almost to zero for a time interval from 
0.2 ms to 4.7 ms (see Fig. 4c). At the same time, the 
microwaves will be refl ected from the plasma layer 
with a critical density. Figure 4d shows the refl ected 
signal at normal incidence received by antenna 1. 
The signals refl ected at oblique incidence as shown 
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Fig. 4. Time evolution of discharge voltage (a), plasma op-
tical emission intensity (b), (c–f) – amplitudes of detected 
microwave signals received by antennas 3, 1, 2, and 4 (see 
Fig. 3) respectively. 
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in Figs. 4e and 4f were received by antennas 2 and 
4, respectively. 

By analyzing the signals as in Figs. 4a–c, 5a, and 
5b, we can see that in the time interval of about 
100 s is a breakdown of the gas gap between the 
cathode and anode in the discharge chamber. In 
this case, the discharge voltage decreases rapidly 
up to 200 V (see Figs. 5a and 5b); there is a sharp 
increase in both plasma density and optical emis-
sion, as shown in Fig. 4b. Due to the growth of 
plasma density above the critical value, the signal 
as shown in Fig. 4c is cut off. The plasma density 
increases. The plasma layer with the critical density 
becomes closer to the antenna, and so, the increase 
of the amplitude of the refl ected signal as shown in 
Fig. 4d  can be seen. At the same time, at the time 
interval from 0.1 ms to 1.5 ms, a microwave signal as 
shown in Figs. 4e and 4f on the antennas azimuth-
ally shifted on 60° should also be presented. The 
absence of signals at this interval is due to the fact 
that the radius rcr of the plasma layer with the critical 
density has become so large that due to refl ection 
and refraction some or all of the microwave rays do 
not reach the receiving horn antennas. 

Calculations of the critical radius rcr of the plasma 
layer [23] with the density Ncr, when the rays do not 
hit the antenna, showed that the value of rcr belongs 
to the interval from 4.5 cm to 6.5 cm for various 
functions of the radial distribution of the plasma 
density [23]. Measurements for rcr with Ncr  1.72 
× 103 cm−3 by the refl ectometry method, as in [24], 
have shown that rcr can reach a value of 5 cm. The 

estimation of the error in these measurements was 
carried out according to Kovtun et al. [25] and 
amounted to no more than 20%. 

In the time interval from 1.5 ms to 4.7 ms, (see 
Figs. 4e and 4f), we can see the increase in the am-
plitude of refl ected signals received at angles of 60° 
relative to the antenna 1. The signals on the shifted 
horn antennas 2 and 4 are related to refl ection from 
the plasma layer and refraction. These signals carry 
information about the inhomogeneities of the rotat-
ing plasma. The refl ected signals at angles of 60° 
starting from 4.7 ms on the one hand are caused by 
the scattering of microwaves on plasma fl uctuations 
and, on the other hand, by possible refl ection from 
the wall of the discharge chamber. 

In the case where the plasma density is Np  Ncr, 
the oscillograms of the signals detected at angles 
of 60° relative to transmitting antenna 1 are shown 
in Fig. 6. As can be seen from Fig. 6, a periodic 
change in the amplitude of the microwave signals 
is observed, and these maxima shifted relative to 
each other in time. In this case, the periodic change 
in time of the amplitude of the signal received by 
the antennas (see Fig. 6) is due to the fact that 
microwave rays hit or miss the receiving antennas. 
Accordingly, the radius of the refl ecting plasma layer 
changes in the azimuthal direction. As the plasma 
rotates, there is a periodic change in the amplitude 
of the received signal. A similar pattern was observed 
earlier for plasma [15] and for the mechanical model 
[15, 16]. The shape and amplitude of microwave 
signals (see Fig. 6) received by antennas 2 and 
4 signifi cantly depend on the presence or absence of 
grooves on the cylinder surface and their geometric 
dimensions. Conventionally in Fig. 6, we can distin-
guish two zones. Zones 1 and 2 are showing local 
density inhomogeneities in the plasma. The analysis 
of the refl ected signals shows the presence of four 
plasma grooves. We suppose that the radial size 
of the grooves is about 1 cm. This value is more than 
the probing wavelength. According to this condition, 
the application of the method to determine local 
inhomogeneities is correct. According to the ACF 
of the refl ective signals, the angular frequency is 

Fig. 5. A closer look at the time evolution of discharge 
voltage.

Fig. 6. Oscillograms of the amplitude of detected micro-
wave signals received by antennas: 4 (a), 2 (b) (see Fig. 3). 
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 = 1.16 × 104 rad/s. Since the amplitude of the 
signals increases fi rst at the receiving antenna 4 and 
then at antenna 2, the inhomogeneities move in the 
direction from antenna 4 to antenna 2. Accordingly, 
the plasma rotates anticlockwise in Fig. 3. The value 
of the azimuthal displacement of the grooves is 47°, 
53°, 53°, and 207°. The presence of plasma inhomo-
geneity seems to be associated with the development 
of plasma instability in crossed fi elds. Figure 7 is 
a sketch that illustrates layers with critical density 
and azimuthal inhomogeneities and the displace-
ment angles between them. The real situation may 
be more complicated. Between zones 1 and 2 in 
Fig. 6b, the signal amplitude periodically increases. 
At the same time, there is practically no change in 
the amplitude in Fig. 6a. This may be due to changes 
on the reflective layer (groove formation) as the 
plasma is rotating from antenna 4 to antenna 2. 
When using in this experiment, one pair of antennas, 
such as 1 and 4, it would be impossible to see these 
changes. And conversely using only antennas 1 and 
2, these changes were observed. Accordingly, the use 
of three antennas made it possible to analyze two 
regions in the rotating plasma. This allowed us to 
identify local inhomogeneities that change weakly 
during one revolution of the plasma around the axis. 

Conclusions 

Four horn antennas were used simultaneously 
in the experiments. One horn antenna was trans-
mitting and receiving signals, while the other three 
w ere only receiving. This allowed two regions in 
the rotating plasma to be analyzed to control more 
accurately the time interval when the microwave 
cannot propagate through the plasma column. 
The analysis of the reflected signals shows the 
presence of inhomogeneities plasma density. Four 
grooves shifted along the azimuth were determined. 
The azimuthal displacement angles of the grooves 
are 47°, 53°, 53°, and 207°. Also, the angular fre-
quency of rotation, which is  = 1.16 × 104 rad/s, 
was determined. The presence of plasma inhomoge-
neity seems to be associated with the development 
of plasma instabi lity in crossed fi elds. It should be 
noticed that this method can be used together with 
microwave plasma refl ectometry. This will provide 
additional information about the investigated 
plasma. 
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