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UHF REFLECTOMETRY OF PLASMA
BY EXTRAORDINARY WAVES WITH A FREQUENCY

PACS 52.70.-m

BELOW THE ELECTRON CYCLOTRON FREQUENCY

Comparative dependences of the refractive index on the profiles of a plasma density and a
magnetic field are found for ordinary and extraordinary waves under various conditions of
plasma probing. Advantages of using the extraordinary wave (X-wave) with a frequency below
the electron cyclotron frequency for the diagnostics of a magnetoactive plasma are analyzed
with regard for the experimental conditions on a U-3M torsatron. The refraction of microwaves
at the oblique plasma probing is studied taking the poloidal component of a magnetic field into
consideration. The Doppler shift of an X-wave reflected from the moving plasma layer is found
to exceed that of an ordinary wave (O-wave).
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1. Introduction

In recent years, the circle of problems in plasma re-
searches that can be or were solved with the use of
UHF reflectometry [1] is extended. This circumstance
predetermines the fact that the number of types of
UHF signals applied to the plasma probing increases.
In particular, the two-frequency and two-polarization
probings, broadband probing, and reflectometry with
the help of ultrashort and noise UHF signals could be
mentioned [2, 3].

In works [1-13], the results were reported concern-
ing the application of UHF methods to the magne-
toactive plasma diagnostics, in which probing was
carried out with the use of O- and X-waves, and the
corresponding advantages were analyzed. Frequen-
cies higher than the electron cyclotron frequency are
used more often, which enables the sensitivity of the
method to be enhanced in the cases where the density
is much less than the critical one. In this work, we
use the waves with frequencies fy < fce, where fy and
fee are the probing and electron cyclotron frequencies,
respectively, and analyze the possible advantages of
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this probing, which follow from the features in the
dependences of the refractive index for the wave con-
cerned on the spatial and temporal distributions of
the plasma density and the magnetic field. The cor-
responding calculations were carried out, by using the
parameters of a Uragan-3M torsatron [9]. The capa-
bilities of this probing can be useful for the determi-
nation of plasma density profiles, the velocity char-
acteristics in plasma layers with the use of Doppler
reflectometry, the correlation length of plasma fluctu-
ations by means of correlation reflectometry, and so
forth. The study of those characteristics is important,
when the conditions for the formation of internal and
boundary transport barriers responsible for the tran-
sition into the regime of improved plasma holding in
a magnetic trap are determined, as well as when the
conditions for the plasma self-cleaning from impuri-
ties and the optimum conditions for plasma technolo-
gies are created.

2. Features in the Propagation and Reflection
of an Extraordinary Wave with f.. > fo

The features in the propagation and the reflection
of extraordinary waves in a magnetoactive plasma
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Fig. 1. Dependences of the refractive index on V' (a) for the
ordinary wave (curve 1) and the extraordinary wave at U =
= 1.1, 1.2, 1.5, 2, and 4 (curves 2 to 6, respectively) and
(b) for the extraordinary wave in the interval of V from 0 to 1
at U = 1.054, 2, and 4

across the external magnetic field follow from the de-
pendence of the wave refractive index on the magnetic
field and the plasma density (Fig. 1),

P ot E

1=V (1)

where U = (feo/fo): V = (N(r)/Ner); N(r) and Neg
are the density and the critical density, respectively,
for the probing frequency fp; and r is the plasma
radius. The function p,(V) grows with the density
and attains a maximum at

V=—(U?-1)+/U2(U2-1). (2)

Then it decreases down to zero and reaches it at
V- 14U. At V =1, we have u,(V) = 1. The
radial dependence of the refractive index along the
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Fig. 2. Radial dependences of u, at the probing in an U-3M
cross-section from the inner side (the higher magnetic field).
B = 0.72 T, the probing frequency fo = 18 GHz, N(r) =
= No[l — (r/r0)?], No is the plasma density at the magnetic
axis, and 7 = 19 cm is the distance from the magnetic axis to
the plasma boundary. Panel a: Vp = 2, 3, 3.5, 4, and 5 (curves
1 to 5, respectively); panel b: Vo = 0.25. 0.5, and 1

plasma probing chord in a cross-section of a U-3M
torsatron, which is perpendicular to its axis, from
the inner side (a higher magnetic field) is depicted in
Fig. 2 for By = 0.72 T, fy = 18 GHz, and N, =
= 4.02 x 10'? cm™3. However, while probing the
plasma in a torsatron, it should be taken into account
that the direction of the total magnetic field does not
coincide with that of the torsatron axis, deviating by
the angle ¢ = arctan(&,/(1+&;)), where &, and & are
the coefficients of poloidal and toroidal, respectively,
non-uniformity of the magnetic field [9]. At ¢ < 0.1,

1/2
| U%cos?y — (1 - V)? /

fa = U2cos?2¢p—(1-V)

3)
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In Fig. 3, the dependences of the quantities U, V,
and the angle ¥ on the distance from the plasma
boundary are shown. The figure also illustrates the
influence of the angle ¥ on the refractive index. Two
sections should be distinguished in the plot of the
function u,(V): the first one extends from the plasma
boundary to a layer, in which V' = 1; the second cov-
ers the interval where 1 < V < 1+ U. The param-
eter pu; > 1 in the first section, and p, < 1 in the
second one. If the maximum density is lower than
V =1+ U, then, taking into account that the phase
shift of a wave is proportional to 1 — u,, the phase
shift of the extraordinary wave changes from nega-
tive to positive at its transition from one region to
the other one (see Fig. 4). The point of the sign
change at the transition corresponds to V' = 1. If the
plasma layer is opaque, the change of the phase sign
does not manifest itself at the reflection. It is also
worth noting that, if the parameter U passes through
1 in a non-uniform magnetic field, the reflection con-
dition changes from V. =1+U to V =1—U or vice
versa (U < 1). If U approaches 1 from above, the
maximum of u, shifts toward V' = 0 in accordance
with formula (2), and pu, =0 at V = 2 (see Fig. 1).
In a vicinity of U = 1, the dependence of the cut-off
density on U has a discontinuity: it tends linearly to
zero at U < 1 and linearly grows from 2 to 1 + U
at U > 1. At U < 1, the dependence p,(V) is not
continuous, because the interval from V =1 — U to
V =1 —U? is opaque. This property creates certain
restrictions on the extraordinary wave applications to
reflectometry. If the magnetic field slightly changes
along the measurement region, it is expedient to use
the probing frequency fy that is lower than the mini-
mal f..-value. It is also expedient to use the average
value of U along the probing chord rather than its
local values (Fig. 5).

3. Oblique Probing
with an Extraordinary Wave

In some cases, the oblique probing of plasma should
be used. The oblique probing with the use of ordinary
and extraordinary waves allows the spatial distribu-
tions of the plasma density and the magnetic field
induction to be determined. In work [11], the pe-
culiarities in the extraordinary wave refraction were
studied, and the spatial distributions of the density
and the magnetic field were calculated.
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Fig. 3. Dependences (upper panel) pz(L) at the normal
beam incidence on plasma (1) and at the angle ¥ (2), (mid-
dle panel) U2(L) and V(L),and (bottom panel) %(L). L
is the distance from the plasma boundary; fo = 18 GHz,
Ner =4.02 x 102 cm ™3, and Nog = N (14 U)
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Fig. 4. V-dependences of the refractive index for the X-wave
(curves I and 2) and the phase shift (curves 3 and 4) at plasma
interferometry: the value U2 = 1.3 at the internal plasma
boundary (I and 8) and the average value along the probing
chord (2 and 4)

The oblique probing is also used in Doppler reflec-
tometry used to diagnose a lot of plasma character-
istics and to determine the dispersion dependences
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Fig. 5. Radial dependences of the refractive index for the
X-wave (1) with regard for the radial distribution of a mag-
netic field and (2) if the local values of a magnetic field are
substituted by its average value along the probing path
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Fig. 6. Relations between the angular beam shift and the
distance from the plasma boundary for the ordinary and ex-
traordinary waves at an entry angle into plasma of 20° and for
V =0.25 (a), 1 (b), and 2 (c)

w(k), the spatial distributions of poloidal and radial
motion velocities of a plasma layer and the electric
field, and the velocity and electric field shears [1,12].
In this method, when p, > 1, the inclination angle
diminishes, and the refraction becomes negative. At
the oblique probing of plasma, the plasma density is

722

0 T T T T
0,0 0,2 0,4 0,6 0,8 1,0

v

Fig. 7. Dependence of the ratio between Doppler frequency
shifts for the extraordinary and ordinary waves on V'
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Fig. 8. Dependences of the frequency shift for the ordinary
(1) and extraordinary (2) waves on V

lower than the critical one at the point of the back-
ward beam scattering, and it can be determined from
the relation

rosinfy = 7‘1#561) sinf; = ... = rku;(nk) sin 0. (4)

Using Eq. (4), it is possible to reproduce the beam
path, i.e. the angle variation at a growth of the dis-
tance from the plasma boundary, bearing in mind
that 6,, = 90° at the reflection point (Fig. 6).
Note that if fo < fee, the extraordinary wave beam
penetrates more deeply into plasma and deviates
less from the initial direction in comparison with
the ordinary wave. At pu, > 1, the angle ; be-
comes smaller than 6y, i.e. the negative refraction
takes place.

On the basis of the Doppler effect at the oblique
probing, we developed a method of determination of
the angular and linear rotational velocities of plasma
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layers. In order to determine the Doppler shift of
the frequency, the probing wave is directed at a
certain angle to the normal at the incidence point
on the plasma boundary, where it is reflected ac-
cording to Eq. (4). If there are fluctuations in the
plasma layer, this layer serves as a reflecting diffrac-
tion grating. According to the Bragg principle, the
reflected beams of various diffraction orders differ
by their frequencies and satisfy the Bragg diffraction
equation [7, 8]

mk = ko (sinf; — sin 6;), (5)

where k is the wave number of fluctuations, m the
diffraction order, ko the wave number of a probing
wave, and 0; and 0, are the incidence and scattering
angles, respectively.

The emitting antenna is inclined with respect to the
reflecting layer in accordance with Eq. (5), and it can
receive the reflected beam of the (—1)-th diffraction
order, which is characterized by a frequency shifted
relative to the probing one and an amplitude much
smaller than that of the incident wave. The wave
number of the reflected signal of the (—1)-th diffrac-
tion order equals Ky = —2ksinfy. The frequency
shift for the reflected signal equals

2
Afé‘,; - _%No,z(rrcf)vpa (6)

where 0; is the wave incidence angle, and i, , and v,
are the refractive indices and the rotational velocity
of the reflecting layer of the radius r.f, respectively.
Taking into account that the Doppler shift is pro-
portional to the velocity and the refractive index, we
obtain that, provided the same velocity, the larger
the refractive index, the larger is the frequency shift.
Hence, a comparison between the frequency shifts for
the X- and O-waves shows that the ratio between
the Doppler frequency shifts, % = % > 1,
strongly increases in a vicinity of V' =1 (Figs. 7 and
8). The oblique probing with the use of X-waves al-
lows the layers with the density (1 + V') times higher
than the critical one to be studied. In order to deter-
mine the rotational velocity in an arbitrary layer, one
should measure the shift of Af on Eq. (6), calculate
the density N(r) in the reflection layer on the basis
of phase reflectometry results, and, taking the known
dependence B(r) into account, calculate p,(r) from
Eq. (1) and the reflection radius from the relation

Tref = T0 sin 90/,“/1 (rref>~
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For the beam to be reflected in a layer with the
given value p (), the required incidence angle can be

determined from Eq. (4) as ® = arcsin (“j—((f)) taking
into account that 6, , = 90° at reflection.

It is worth noting that the beam width, as well as
the steepnesses of the wave front and the reflecting
layer, induces a broadening of the spectrum of wave

numbers according to the formula [10]

23/2
Ak = (7)

211/2°
2 ko
w {1 + (w p) ]
where w is the microwave beam width, w = 2 cm,
ko the wave number, and p the steepness radius of
the reflecting layer. For instance, for the torsatron
U-3M, we have kg = 2 cm ™! and p = 2 cm; therefore,
the width of the spectrum of wave numbers for the

scattered signal equals Ak =1 cm™!.

4. Conclusions

UHF reflectometry with the use of extraordinary
waves with the frequency fy < fee has the following
advantages:

— the transparency interval broadens out to a den-
sity that does not exceed the value of N, (1 + U);

— the oblique probing with the use of either an or-
dinary or an extraordinary wave allows the profiles
of the plasma density and the magnetic field to be
determined by varying the angle, at which the beam
enters into plasma;

— for identical entering angles, the extraordinary
wave reaches layers with higher densities;

— at Doppler reflectometry, the frequency shift for
the extraordinary wave is larger than that for the
ordinary one, provided the same angle.
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HBY-PE®JIEKTOMETPIS ITIJIASMU
HE3BUYANHOIO XBUJIEIO 3 YACTOTOIO,
MEHIIIOIO BLJ EJJEKTPOHHO-IIMKJ/JIOTPOHHOI

Peszmowme

OepKaHo MOPIBHSIBbHI 3aJIe2KHOCTI KOeDIIi€EHTIB 3aJI0MJIEHHST
3BUYaANHOI 1 HE3BUYAITHOT XBUJIb Bij IPpOdisIiB IyCTUHY I1JIa3MH
i MarHiTHOrO IOJIA NIPH PI3HUX yYMOBaX 30H/yBaHH:A. [Ipoanadri-
30BaHi MOKJIUBI IepeBaru BijJ BUKOPHUCTAHHS JJIs JIarHOCTUKHU
MAarHiTOaKTHUBHOI IJIa3MHU HE3BUYAHOT XBUJI 3 4ACTOTOIO, MEH-
MIOI0 BiJf MUKJIOTPOHHOI YaCTOTH €JIEKTPOHIB, BPaxoBaHi OCO-
O6JMBOCTI 30HIyBaHHs IJ1a3Mu Ha TopcaTpoHi Y-3M. Jlocmipxe-
HO pedPaKIlifo MiKpOXBHJILOBOI'O IIOTOKY IIPU ITOXUJIOMY 30H/1y-
BaHHI IJIA3MHU, BPAXOBAHO BILIMB IIOJIOIJAJILHOI CKJIAJOBOI Ma-
rHiTHOrO mMoOJIsA. BCTaHOBIIEHO, IO BEIWYHMHA JONILIEPIBCHKOIO
3CyBY YaCTOTH He3BHUaiHO! xBuji Ipu BiZOUTTI Bix pyxoMoro
mapy MJIa3Mu IEPEBUIIYE BiAIOBIMHUN 3CYyB 3BHYAHOI XBUJII.
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