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The dual polarization interferometers have been designed and applied in the Uragan-3M and Uragan-2M torsa-
trons. However, an extensive modeling of microwave propagation through the plasma in the sheared magnetic field
should be provided for correct interpretation of data. For this purpose, the system of two bounded ordinary differen-
tial equations of the second order for the electric fields of the ordinary and extraordinary waves was solved numeri-
cally. The transfer matrix from launching to receiving waveguides was obtained in the wide range of plasma param-
eters. This gives the possibility to understand the results of already fulfilled measurements and to propose the opti-
mized way for dual-polarization interferometry in stellarators.
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INTRODUCTION

Ordinary wave interferometry is a well known and
commonly used plasma diagnostics for fusion devices
and plasma technology [1, 2]. The ordinary wave num-
ber depends only on plasma density in the case of per-
pendicular probing with respect to the main magnetic
field. Thus, the ordinary wave phase shift is proportion-
al to the line-integrated plasma density along the chord
of probing for the wave frequency greater than plasma
frequency. For the extraordinary wave perpendicular
probing, the phase shift depends on plasma density and
the confining magnetic field distributions. Since the
magnetic field is known for stellarator/torsatron devices,
additional information about plasma density profile may
be inferred from the extraordinary wave phase shift
measurements. For example, this may be the peakedness
of the plasma density profile n/n,, where n, is the

plasma density on magnetic axis and ne- averaged
plasma density.

1. THE DEDICATED EXPERIMENTS

The dual polarization interferometer was first in-
stalled in the Uragan-3M torsatron very close to E-E
minor cross-section [3]. The horn antennas which were
connected to the oversized waveguides were used for
probing plasma. These waveguides allow propagation of
E- and H-polarizations modes without their interference.
For independent determination of the phase shifts of O-
and X -waves an orthomode transducer (OMT) was
fabricated and tested. OMT has one input for oversized
waveguide and two outputs which operate in the single
mode regime.

The classic homodyne interferometers which have
double balanced detection were connected to the output
waveguides of OMT. During the determination of the
phase shifts some difficulties were encountered which
were caused by fast changes in the amplitude of signals
passing through the plasma. Also, the small differential
sensitivity of sin(¢) when ¢ ~0.5z+mz, m=0,1...
made difficult determination the dynamics of change of
the phase shift in these areas. In part the latter problem
was solved by not-in-phase signal of phase shift for the
ordinary and extraordinary waves.

The dual polarization heterodyne interferometer has
been designed and installed in Uragan-2M torsatron at
the cross-section where magnetic surfaces are vertically
elongated [4]. For data analysis, the set of phase shifts
was calculated using real spatial dependence of the
magnetic field and the following parameterization of

plasma density, n(¥)=n, (ef —e”)/(e'f —1). Here W
is the flux surface label equals to O at the magnetic axis

and equals to 1 at the last closed magnetic surface, £is
profile peaking parameter (Fig. 1).
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Fig. 1. Calculated phase shifts for X-wave (X axis) and
O-wave (Y axis) for different values of ng andé&. In the
shaded area the solution for density profile exist

Herewith the WKB approximation was used for the
calculations of the phase shifts of an ordinary (O-) and
an extraordinary (X-) waves propagating through the
plasma perpendicularly to the main magnetic field
By(r). In this approximation
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Here w=2xf is the probing wave frequency, c is the

2\
speed of light, wp(r)=(m] is the electron
m
eBy(r) .
plasma frequency, wc(r)zﬁ is the electron cy-

clotron frequency, b is the position of the launching
horn and a is the position of the receiving horn. It is

worth noting that abs(Agy )> abs(Agg ).

Calculated phase shifts were matched with experi-
mental results (Fig. 2) in order to determine the central
density and peaking parameter of the Uragan-2M plas-
ma.
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Fig. 2. Interferometry raw phase shift: blue — O-wave,
red — X-wave for shot #03-24-2014-0039

This gave the possibility to reconstruct the temporary
change of the plasma density profile (Fig. 3).
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Fig. 3. Time evolution of plasma density profile
from data of dual-polarization interferometry
for shot #03-24-2014-0039
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However, such straightforward data processing is
feasible not for all shorts. There are cases when data
goes beyond the shaded region of Fig. 1. That’s why an
extensive modeling of the microwave propagation
through the plasma in the sheared magnetic field should
be provided for the correct interpretation of the meas-
urement results.

2. MODELLING OF THE MICROWAVE
PROPAGATION

The model of plane inhomogeneous plasma in
sheared main magnetic field (Fig. 4) was used in Sec-
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tion 3. Plasma is inhomogeneous in x-axis direction.
Main magnetic field is located in the y-z plane. The an-
gle between the magnetic field and z-axis y alters in x-
direction. Probing waves propagate in x-axis direction.
Such model is applicable for the interferometry in the
torsatron/stellarator cross-sections with the up-down
symmetry.
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Fig. 4. The model geometry for the investigation of
the probing wave propagation

Hereinafter tensor of the ‘cold’ plasma with components

2 2
& :1+—2a)p(r) = , = a)c(r)—za)p(r) - and
@;(r)- o w(r)-o
&3 =1-——— was used. Then Maxwell equations were

[
transformed into the system of two bounded ordinary
differential equations of the second order for the com-
ponents of the electric field of an ordinary wave
B =Eysiny+E,cosy and an extraordinary wave

E, =E,jcosy —E,siny:
a)2 2
E|’|'+(C—Zg3—l//' JE” -2yE| +yv'E, =0, (2)

2 2 2

B+ -2 2 |E, +20E) +yE =0. (3)
C &

Here prime indicates derivative by x. In the vacuum

regions near the horns (see region 1 and region 3 of Fig.

4) these equations are simplified to

2 2
y @ " @
E”+C—2E”=O and EL+C—2EL=O- (4)

Equations (4) has analytical solutions

Ei=C exp(i % xj +C, exp(— i % xj and

E, =C4 exp(i%xj+c4 exp[—i%x) (5)

It gives the possibility to obtain solutions (2) and (3)
numerically by means of setting running away to
X — -+ O-wave (C, =1,C, =C3=C, =0) or X-wave
(C;=1, C, =C, =C, =0) and integrating Egs. (2), (3)
in —x direction. As well, the cases of propagating to
X — —o0 O- and X-waves were considered. In Fig. 5 the
case of outgoing to x — +oo X-wave is shown. By dint
of combining in certain proportions of outgoing to
X —400 X-wave with outgoing to X — 400 O-wave,
the plasma probing from x <0 side by O-wave or X-
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wave were recalculated. In Fig. 6 the case of X-wave
probing is shown. As can be seen from this figure, not
only the extraordinary wave, but the ordinary wave too,
reaches the receiving horn at the X-wave probing. A
S|m|Iar S|tuat|on takes place at the O -wave probmg
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Fig. 5. Numerical solutions of Egs. (2), (3) with
outgoing to x — +oo0 X-wave as boundary condition.
Plasma is located from x=-20 cm to x=10 cm
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Fig. 6. Recalculated solutions for X-wave probing from
the x < 0 side

As seen in the Fig. 6, there is a transformation of the
probing X-wave into O-wave, which also falls into the
receiving horn. The effect of the transformation is due
to the shear of the magnetic field along the probing trace
(last two terms in the Egs. (2), (3)). This result is be-
yond the boundaries of the WKB approximation.
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Fig. 7. The phase differences at the receiving antenna
between the WKB approach and “sheared” solutions:
a — for O-wave; b — for X-wave. Blue line — ¢ - ¢px = 0;
red — go - px = 90°; green — go - px = 180°;
light blue — g¢ - px = 270° at the launching antenna
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The effect of the magnetic field shear on the phase
shifts of the probing signals in U-2M torsatron was in-
vestigated in detail (Figs. 7,a,b). As it was supposed, the
mixture of the O-wave and the X-wave of the equal am-
plitudes was launched. As seen from Fig. 7, the differ-
ence between the WKB phase shifts and phase shifts
accounted for magnetic shear reaches 40°. This value is
comparable to the difference of the phase shifts of
O-wave and X-wave measured by dual polarization in-
terferometry. That is why they encountered difficulties
during processing interferometry data based on assump-
tion of Eg. (1) and might reconstruct density profile
temporal evolution not for each shot.

From the radio point of view, the plasma can be rep-
resented as a quadrupole. In it, each pole corresponds to
a receiving or launching antenna for ordinary or ex-
traordinary wave (Fig. 8).
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Fig. 8. Representation of plasma as radio quadrupole

In such representation, the transfer matrix S 4*4
from launching to receiving antennas was calculated in
the wide range of plasma parameters. For example, if
incident X-wave has amplitude A=1, then S; ; will be the
amplitude of the transmitted X-wave, S;, will be the
amplitude of the reflected X-wave, S; 3 will be the am-
plitude of the transmitted O-wave and S;4 will be the
amplitude of the reflected O-wave. The left — right inci-
dence asymmetry is a remarkable property of the trans-
fer matrix. This asymmetry is caused by the combina-
tion of two factors. First, the spatial asymmetry of the
plasma density profile according to the magnetic axis of
torsatron and shift of the magnetic axis from the centre
of the vessel. Second reason is the magnetic field
asymmetry due to toroidal variation of the magnetic
field.

3. OPTIMIZED DUAL POLARISATION
INTERFEROMETER

The research performed allows one to propose the
optimized design of dual polarization interferometer for
Uragan-2M torsatron (Figs. 9, 10).

¥

Fig. 9. Design of the launching / receiving elements
of the interferometer
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Fig. 10. Proposed circuit of the dual polarization interferometer: 1 — vacuum chamber U-2M; 2 — vacuum seals and
rotating joints of waveguides; 3 — horn antennas; 4 — magnetic surfaces; 5 — transitions from round to square;

6 — polarizer selector; 7 — ferrite waveguide circulators; 8 — bandpass filters; 9 — frequency mixer; 10 — microwave
oscillator (~ frequency 40 GHz); 11 — intermediate frequency generator (~ frequency 400 MHz)

CONCLUSIONS

Interaction of O- and X-waves, caused by shear of REFERENCES

torsatron magnetic field must be taken into account
while processing dual polarization interferometry data.
The WKB approximation is not sufficient for correct
description of the phase shifts despite the fact that re-
quirement of unhomogeneity scale being much greater
than the wavelength is met. The optimized dual polari-
zation interferometer design was developed for the
U-2M torsatron.

ACKNOWLEDGEMENTS

This work has been carried out within the framework

1. V.E. Golant. Handbook of Plasma Physics / Ed.
M.N. Rosenbluth, R.Z. Sagdeev. Elsevier, 1984, v. 2.

2. H.J. Hartfuss // ICECom Conference Proceedings.
2010, p. 1-4.

3. D.L. Grekov, K.K. Tretiak, V.L. Berezhnyj,
V.V. Filippov // Problems of Atomic Science and Tech-
nology. Ser. “Plasma Physics”. 2012, N 6(82),
p. 249-251.

4. D. Grekov, V. Philippov // Abstracts of the 20th
ISHW. 2015, Greifswald, Germany, p. 81.

of the EUROfusion Consortium and has received fund-
ing from the Euratom research and training programme
2014-2018 under grant agreement Ne 633053. The views
and opinions expressed herein do not necessarily reflect
those of the European Commission.

Article received 23.12.2018

MOJIEJIMPOBAHME JIBYXIOJAPU3AIIMOHHOM UHTEP®EPOMETPUM B CTEJIJIAPATOPAX
B. @ununnos, /1. I'pexos, H. A3apenkos

JIByxnonapu3anuoHHbIe HHTEpPEpOMETphl IPUMEHSUINCH HAa TopcaTpoHax YparaH-3M u Yparan-2M. J{is kop-
PEKTHON MHTEPIpEeTalny Pe3ylIbTaTOB 3KCIEPUMEHTOB HEOOXOANMO MPOMOAEIHPOBATh PACTIPOCTPAHEHHUE 30HIH-
PYIOIIMX BOJH 4epe3 IUIa3My B MarHUTHOM II0JIE€ IEPEMEHHOIO HanpasiaeHus. i 3T0oro cucreMa JByX CBSI3aHHBIX
muddepeHnnanbHbIX YPAaBHEHHH BTOPOTO MOPSIIKA ISl SJIEKTPUUECKHUX I0JIel OOBIKHOBEHHOI U HEOOBIKHOBEHHOM
BOJIH pelIajach YUCICHHO. B mmpokoM nuana3oHe mapaMeTpoB IUIa3Mbl OblIa MOTydeHa MepelaTouyHast MaTpHLa OT
H3IYYaroLero pynopa K NpueMHOMY pynopy. OTO Jalo BO3MOXKHOCTb Jy4YIlIE MOHATh PE3yJNbTaThl MPOBEICHHBIX
9KCTIEPUMEHTOB U MPEATI0KUTH ONTUMU3UPOBAHHYIO CXEMY JABYXIOJISIPU3ALMOHHOTO HHTEpdepomeTpa.

MOJEJIFOBAHHS JIBONTOJISIPU3AIIIMHOI IHTEP®@EPOMETPII B CTEJJAPATOPAX
B. @ininnoes, /1. I'pexos, M. A3apenkos

JBomonspu3ariiiai inTepdepomerpu Oyo 3aCTOCOBaHO B TopcarpoHax YparaH-3M Ta Yparan-2M. Jlns kopek-
THO{ iHTepHpeTalii pe3ynpTaTiB eKCIEPUMEHTIB, HEOOXiTHO BUKOHATH MOJEIIOBAHHS MOUIMPEHHS MiKPOXBHIb, IO
30HIYIOTh IIJIa3MYy, Yepe3 MIa3My B MarHiTHOMY TIOJIi 3MiHHOTO HAIPsIMKY. 3 II€EF0 METOI0 CUCTEMA JIBOX OB’ SI3aHUX
TudepeHniiHuX pPIBHSIHD JPYroro TOPSAKY [UIS €JIeKTPUYHUX IIOJIiB 3BHYAMHOI Ta HE3BHYAWHOI XBWIb
PO3B’sI3yBajiach YMCIOBUM METOJOM. Y IIMPOKOMY Aiana3oHi mapaMeTpiB IUIa3MH OyJI0 OTPUMAaHO MepeaaTodHy
MaTpHLIO BiJ pyIopa, 110 BUIIPOMIHIOE XBUII, 10 pyIopa, o ix npuiiMae. Lle nano MoXIIMBICTh Kpallle 3p03yMiTH
pe3yJIbTaTH NPOBEICHUX EKCIIEPUMEHTIB 1 3aIIpOINIOHYBAaTH ONTHUMI30BaHy CXEMY JABONOJISIpU3AIiifHOTO iHTEpdepo-
MeTpa.
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