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Studies of fluctuating plasma rotation by means of correlation and Doppler microwave reflectometry in the Uragan-
3M torsatron were carried out. The application of two methods makes it possible to broaden the information about the
rotation and structure of poloidal plasma oscillations. The correlation method has an advantage in /=3 torsatron, because
this one is practically insensitive to the tilt angle of incident mm - ray to the reflecting surface. The pulsation of the
poloidal velocity and the position of plasma layer in the region of magnetic islands were observed, that became stable

upon the formation of the ITB.
PACS: 52.55.Hc

The measurements of plasma rotation in EXH fields in
tokamaks and stellarators are essential in studying the
formation of the transport barriers which determine the
energy and plasma particles transport [1]. Recently, the
transitions to the enhanced mode of the particle and
plasma energy confinement, with the formation of the
internal transport barrier (ITB), were reported on
Uragan-3M (U-3M) torsatron [2]. When studying this
phenomenon, the phase, spectral, and correlation
measurements of the reflected microwaves were used to
determine the plasma profile and characteristics of its
fluctuations.

The correlation microwave reflectometry has been
used to determine the velocity of plasma rotation in U-3M
previously [3]. The method is based on measurement of
the time shift/period of cross-correlation function (CCF)
of two microwave signals reflected from the layer areas of
equal density that are shifted either in toroidal or poloidal
direction. The method is practically insensitive to the tilt
angle between the mm-ray and the reflecting surface. This
is particularly important for the case of probing with X-
wave for which the orientation of the reflection surface is
defined by density as well as by magnetic field. The
direction of rotation is determined by the relation of the
obtained CCF shift when CCF; is changed to CCF,;: the
bigger shift corresponds to the longer distance between
the reflecting areas and vice versa.

However the torsatron has a poloidal asymmetry due
to the configuration of the magnetic surfaces. The
asymmetry shows itself as a poloidal modification of the
magnetic field, the radius and the curvature of the
reflecting layer. This is the reason why the measured
shift, or the CCF period, allows determining the velocity
of rotation averaged over the poloidal or toroidal angle.

The UHF Doppler reflectometry (DR) is based on the
change in frequency shift of the reflected wave that falls
on the tilted moving plasma layer [4-6]. The reflecting
layer of fluctuating plasma acts as a reflection grating.
The probing antenna that is tilted to the reflecting layer,
according to the Bragg’s rule, can receive the reflected
signal with the diffraction of -1 order on the shifted
frequency preferentially, but the zeroth order is
suppressed (Fig.1).
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Fig.1. Diffraction of mm-wave in plasma
layer perturbation

For the diffraction maximum of -1-st order the wave
number of the plasma perturbations is given by:
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where k; is the wave number of the probing wave, § is the
angle of incidence.
The Doppler shift of the reflected wave frequency is:

AfD=—2c—f,u(rc)-00(rc) , )

where U and Ug are the refraction coefficient and the
velocity of rotation in the reflection layer. Thus, one can
obtain the local value of the rotation velocity by
measurement of the Doppler frequency shift.

If density and magnetic field profiles are known than
the radius of the beam turning-point r. and M(r.) are
determined by:
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In the experiment, two methods of determination of
the frequency shift of the reflected wave were used: by
means of UHF-analyser of the reflected wave and by
spectral analysis of the reflected wave fluctuation using
fast Fourier transform. The UHF-analyser made it
possible to measure shifts of the probing frequencies
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f=10-40 GHz; conveniently, it directly determines the
sign of the shift (the direction of the velocity). However,
the device is designed for analysis of plasma with
parameters that change slowly, while the scanning time, A
t=2 ms. Besides this device has restrictions in the
resolution of the frequency shift.

The method of spectral analysis has no frequency
restrictions. The direction of the frequency shift is
determined from Fourier transform of the complex signal
U(t)=Ui(t)+iUx(t), where U, and U, are signals of the
same reflected wave, acquired with the phase shift of 102.
The appearance of a maximum of the power spectral
density (PSD) on positive or negative semi-axis
corresponds to the direction of the frequency shift. The
method was verified on a mechanical model with the
rotating corrugated cylinder [3]. The change of the
direction of rotation revealed in the change of the position
of the PSD maximum (Fig. 2). In the plasma experiment
the signal of the microwave detector was digitized with
ADC (1=1.3 mks) and stored.
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Fig.2. Spectra of complex signals on different direction of
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Fig.3

The measurement on U-3M has been fulfilled
simultaneously by means the Doppler and the correlation
methods at the same torsatron crossection (Fig. 3a).
Plasma probing was performed in 3 locations for different
direction — X-wave probing (f=18-26 GHz) - both inside
and outside and vertical — O-wave probing (=10 GHz).
The receiving-transmitting antenna that were used in the
correlation method were put away off each other and were
tilted to bounder of plasma so the Doppler frequency shift
could be measured by each of them.

The scheme of the measurement of the frequency shift
using the analyser and the spectral analysis is given in
Fig. 3b. The comparison of the frequency shifts
determined using the two methods is given in Fig. 4. The
Doppler frequency shift of the reflected wave measured
using the two methods gave satisfactory close values.
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Fig.4. Doppler frequency shift determined by Fourier
transform (a) and UHF-analyzer (b)

Fig.5. Temporal behaviour of integral density and
reflection layer radius (a), Doppler frequency shift (b),
velocity of rotation ( - correlation, [I- Doppler

reflectometry) (c), poloidal wave number (d)

At determination the velocity of rotation, W(r.) was
calculated from equation 3. However, due to variable
curvature of magnetic surfaces of the /=3 torsatron during
the determining of the angle ¢ and hence p(r.), significant
errors may be present in determining the velocity of
rotation. In this case, simultaneous use of the Doppler
reflectometry at “U-3M” and the correlation method is
expedient for the accurate determination of the direction
of rotation. The comparison of the time variation of the
Doppler frequency shift and the velocity obtained by
using the correlation analysis is presented in Fig. 5 b, c.
Obviously, there is an almost synchronous change of the
sign of the velocity and the Doppler frequency shift.
Measurements of the Doppler frequency shift allow
determining the poloidal wave number and a poloidal
velocity by using equations 1, 2, 3. The presented results
show the change in the direction of rotation (Fig. 5 ¢) and
increase of ke (Fig. 5 d) to be the precursors of the
formation of the ITB, i.e. the wave length of the
oscillations decreases. An increase of k. with a maximum
in the range of the magnetic islands chain has been shown
on “Uragan-3M” previously [7].

The finite width of probing beam, the finite curvature
of wave front and of reflecting layer led to k-space
broadening [6]
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In these measurements Ak,=1 cm™ for k=2 cm™, w=2 cm.

In Fig. 6 poloidal velocity is plotted as function of A
fo. A quasi co-linearity between v, and Afp is observed
and confirms that the frequency shift is actually due to
Doppler effect.
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In the time period before the establishing of the ITB
mode, the oscillation of the poloidal velocity and Doppler
frequency shift has been recorded (see Fig. 5) as well as
phase pulsation of the reflected UHF signal (at A = 3 cm,
A@< 1C, Ar = 1 cm) with the frequency of [H00 Hz. The
pulsation damps after the ITB has been formed (Fig. 7).
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Fig.7

Fig.8

This phenomenon is observed during the reflection of
the O- and X- waves provided the reflecting layer is
situated in the region of the stochastic magnetic lines that
form the “oscillating islands”. The effect of the poloidal
rotation of a chain of magnetic island was modelled in
work [8]. A similar phenomenon was observed on LHD
[9].

Two regions of large rotation shear have been
observed: one located at the edge p = 0.95; the second one
located in inner region (Fig. 8).

CONCLUSIONS

Simultaneous application of the correlation and the
Doppler reflectometry for study of rotation of fluctuating
plasma makes it possible to broaden the information
about the structure of the poloidal plasma oscillations.
The correlation method has an advantage in /=3 torsatron

because one is practically insensitive to the tilt angle
between the incident mm-ray and reflecting surface. The
poloidal wave number as well as the radial wave number
increases upon the ITB formation. The pulsations of the
poloidal velocity and the position of plasma layer in the
region of magnetic islands were observed that became
stable upon the formation of the ITB.
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WU3MEPEHHME CKOPOCTH BPAIIIEHUA ®JIYKTYUPYIOIIEX IJIA3ZMBI
C MOMOIIbIO KOPPEJISINMOHHOM U TOMJIEPOBCKOM CBY PE®JIEKTOMETPUM
B TOPCATPOHE YPAI'AH-3M
A.HU. Cxkubenko, B.JI. Bepeycnuii, O.C. Ilasnuuenko, B.JI. Ouepemenxo, H.b. Ilunoc, A.B. IIpokonenko,
U.K. Tapacos, C.A. I[biboenko, E./]. Bonkos
[IpoBeneHo W3y4eHHe BpalieHUs (QIYyKTYHPYIOMIEH MIa3Mbl MeTomaMu KoppersnnonHoid u Jlomneposckoit CBY
pedaexromeTpun Ha TopcatpoHe Yparan-3M. IlpumeHeHHe ABYX METOJOB MO3BOJSET PACIIMPUTH HMH(OpMANUio o
BpalleHUH IUIa3Mbl M TOJOMJAJIBHBIX IIa3MEHHBIX (uykryarmid. KoppensuuoHHBIH MeToJ HMEeT HEKOTOphIe
MpeuMylIlecTBa B /=3 TOpcaTpoHEe BBUAY INPAKTUYECKOH HEUYBCTBHUTENBHOCTH K YIJTy NaJCHUS MM-TIOTOKa Ha
oTpakaromuii cioi. Habmonanuce mynbcanyuy NOJI0OMAAIBHON CKOPOCTH M MOJIOKEHMS MIa3MEHHOIO CJIosl B 001acTH
MarHUTHBIX OCTPOBOB, KOTOPBIE CTAOMIM3UPOBAIUCH IpH 0OpazoBanun BTH.

BUMIPIOBAHHS HIBUAKOCTI OBEPTAHHS ®JYKTYIPYIOUOI IIJIASMU
3A JIOITOMOTI'OIO KOPEJISIHIAHOI TA JOIIEPOBCHKOI HBY PE®JIEKTOMETPII
B TOPCATPOHI YPAT'AH-3M
A.IL Crubenko, B.JI. bepexcnuit, O.C. Ilasnuuenko, B.JI. Ouepemenxo, I.b. Ilinoc, A.B. Ilpoxonenko,
LK. Tapacos, C.A. L{ubenxo, €./]. Bonkos
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IIpoBeaecHo BuBUYCHHS oOepTaHHS GIYKTYipyrouoi IUla3Md MeTomaMH Kopessimiiaoi Ta Jloruteposchkoi HBU
pedekromerpii Ha TopcarpoHi Yparan-3M. 3acrocyBaHHS JBOX METOJIB JO3BOJISIE PO3MIMPUTH 1H(OPMAIIO MPO
oOepTaHHs IIa3MH Ta TOJOIAaIbHI I1a3MoBi QurykTyarrii. Kopensmiitauii MeTon Mae nesiki mepeBaru B /=3 TopcaTpoHi
yepe3 WOro MpakTHYHY HEUyTIMBICTh IO KyTa MaJiHHSA MM-TIOTOKY Ha BimOmBatoumii map. CrocTepiraiuch KOJIHBaHHS
TOJI0IAATBHOI IIBUAKOCTI 1 MOJIOXKEHHS IUIa3MOBOTO IIapy B 00JlacTi MarHiTHUX OCTPOBIB, SIKi CTaOUTI3yIOTHCS INpH
ctBoperHi BTB.
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