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Observations of enhanced Doppler frequency shift effect of the highly localized microwave backscattering in the upper
hybrid resonance are reported. The experiment is performed at FT-2 tokamak, where a steerable focusing antenna set,
allowing off equatorial plane plasma extraordinary wave probing from high magnetic field side, was installed. A
separate line less than 1.5 MHz wide and shifted by up to 2 MHz is routinely observed in the backscattering spectrum
under condition of accessible upper hybrid resonance. The enhanced frequency shift is explained by the growth of
poloidal wave number of the probing wave in the resonance. Development of a new scheme for local diagnostics of

fluctuations poloidal rotation based on this effect is started.

PACS: 52.55.Hc.
1. INTRODUCTION

Inhomogeneous plasma rotation, according to the
present day understanding, can play a substantial role in
energy confinement in toroidal plasmas, suppressing drift
micro turbulence and thus reducing anomalous heat and
particle fluxes. The Doppler frequency shift of Back
Scattering (BS) signal at oblique microwave plasma
probing is often used for diagnosing of poloidal plasma
velocity in magnetic fusion devices. The typical value of
frequency shift of BS microwave of several hundred kHz
in the “Doppler reflectometry” diagnostics based upon
this effect is usually substantially smaller than its
broadening, which complicates interpretation and reduce
the accuracy of measurements. Recently a possibility of a
drastic increase of the Doppler frequency shift of
microwave BS signal in toroidal devices, based on the
Upper Hybrid Resonance (UHR) BS was demonstrated
experimentally [1].The microwave BS experiment was
performed at FT-2 tokamak with a new steerable focusing
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Fig. 1. Poloidal FT-2 tokamak cross section with antennae set.

k. —incident wave vector, {..,,, and qg — fluctuation wave

vector at BS efficiency maximum and it’s poloidal projection,
circles — central ray of the probing beam, triangles and
squares — probing beam at 1.5 dB and 3 dB power
suppression levels, ms — magnetic surface(dashed curve)
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double antennae set, allowing off equatorial plane plasma
X-mode probing from high magnetic field side.

The spatial distribution of the focused probing beam,
computed using the beam tracing code [2], is shown in
Fig. 1. The maximal vertical displacement of antennae

center is )V, =+2 cm, whereas the diameter of the wave
beam at the position of UHR, where the probing
frequency satisfies condition f ?= f ie(R )+ f ie(r) ,
as computed by the code, was close to the values
measured in vacuum (1.5-1.7 cm, depending on the

probing frequency in the range 52 — 69 GHz). According
to theoretical predictions [1, 3] and beam tracing
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Fig.2. (a) Poloidal probing wave number near UHR,
(b) BS efficiency for central probing ray
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computation shown in Fig. 2a, the probing poloidal wave
number grows rapidly in the vicinity of the UHR linear
conversion point, where the BS cross section Fis(gs)
possesses sharp maximum, as demonstrated in Fig. 2b.
This projection, which can be much larger than the
poloidal component of wave vector at the antenna, can
lead to substantial enhancement of the Doppler frequency
shift of the microwave BS by fluctuations moving with
poloidal plasma flow. The frequency shift corresponding
to fluctuation radial wave number ¢ is given by

n - = 2 Ly
— q eSeRfce
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where V, is the fluctuation poloidal velocity; k) gives
the probing extraordinary mode poloidal wave number
out of the UHR zone, 6_:9 and € are unit vectors in
poloidal and major radius directions; R gives the major
radius in the UHR. In agreement with theoretical
predictions a separate line less than 1.5 MHz wide and
shifted by up to 2 MHz, was reliably observable in the BS
spectrum under condition of accessible UHR [1].
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Fig.3. (a) Doppler frequency shift versus incident
frequency (¥, = +15mm).(b) Poloidal velocity profiles

for 1, =35 kA. Circles — UHR BS, stars — O-mode
Doppler reflectometry, dashed curve - neoclassical
dependens

2. ROTATION IN OHMIC REGIME

In this paper, the recently observed giant Doppler
frequency shift effect of the highly localized microwave
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BS in the Upper Hybrid Resonance (UHR) [1] is applied
to FT-2 tokamak plasma rotation diagnostics in ohmic and
LH heating regimes. The obtained profiles of plasma
poloidal velocity are benchmarked against the Doppler
reflectometry data. The experiment is performed at
research FT-2 tokamak (R = 55 cm, a =8 cm, Br= (1.7 +
2.2) T, I, = (19 + 37) kA, n.(0) = (0.5 + 5)x10"° m™, T.(0)
= 500 eV), where the RF power up to 120 kW at
frequency 918 MHz is launched into the plasma by a two-
waveguide grill.

Very different poloidal rotation profiles are measured in
ohmic discharges for plasma current values of 19 kA and
35 kA. The dependence of BS frequency shift on the
probing frequency in the high current case is shown in
Fig. 3a. The important feature of this dependence is
complicated behavior resulting in minimum at f; = 60.3
GHz and very steep variation at f; = 57.3 GHz. The
corresponding poloidal rotation profile, determined using
(1) under supposition that the BS spectrum maximum
corresponds to the maximum of BS efficiency, situated at
G com =2 (2T[fl-/c)\/C/VTe , is given in Fig.3b by
circles. As it is seen, the poloidal plasma velocity
increases towards LCFS, where it possesses discontinuity
in agreement with expectations of neoclassical theory (the
corresponding estimation is shown in Fig. 3b by dashed
curve). The corresponding velocity values determined
using the UHR BS technique fit well those obtained by
the O-mode Doppler reflectometry, which are shown by
stars in Fig. 3b. Out of the LCFS the rotation velocity
changes sign, which indicate the dominant role of electron
losses to the limiter along the magnetic field lines.

In the lower current regime no poloidal rotation
discontinuity at the LCFS was observed. As it is shown in
Fig. 4, at current less than 30 kA the rotation velocity
decreases continuously towards the LCFS, where it
changes sign, which is not consistent with the neoclassical

Fig.4. Poloidal velocity profiles for I, < 30 kA
circles — UHR BS, stars — O-mode Doppler reflectometry

theory expectations and indicates important role of
anomalous electron losses mechanism in formation of
plasma potential in this region. It should be stressed that
in this regime as well the poloidal rotation velocity
obtained by Doppler reflectometry and UHR BS
diagnostics are in nice agreement. It should be underlined
that in spite of the fact both microwave BS techniques



provide information on fluctuation rotation, the wave
length of those fluctuations differs by two orders of
magnitude. It is very unlikely that the phase velocities for
such a different fluctuations coincide, which gives an
argument in favor of plasma rotation origin of the
frequency shift measured by both diagnostics. It is
important to note that the calculated electron diamagnetic
drift velocity all over the measurement region exceeds the
experimental values of poloidal rotation velocity by a
factor of 3-5. This result provides additional
confirmation to our assumption that the Doppler
frequency shift is rather associated with the plasma flow
than with fluctuation phase velocity, which is quite
natural because the fluctuations producing BS in the UHR
possess radial wave number much higher than the
poloidal one and thus are not similar to the drift wave
eigen-modes.

3. PLASMA ROTATION SUPPRESSION AT
LH HEATING
In the present paper a specific regime of LH heating at
densities 210" < n(0) <300" cm™ , at which the LHCD
and electron heating terminates and wave — ion
interaction and ion heating starts, was investigated. The
wave forms of the discharge are shown in Fig.5. As it

Fig.5. Discharge wave forms

is seen there, just at the onset of RF pulse at t=30 ms an
evident decrease is observable in the loop voltage signal
indicating the LHCD effect. This effect is accompanied
by the plasma density growth, leading to the LHCD
termination at t=3/ ms. Soon after that, at =32 ms, the
steep increase of fast ion population at energy in 1 keV
range is observed in the discharge by the charge exchange
diagnostic, indicating transition to the LH Ion Heating
(LHIH) regime. Under these conditions excitation of
small scale component of plasma turbulence was
observed at FT-2 tokamak by CO, and UHR scattering
diagnostics [4, 5]. Here we study the reasons and
consequences of this effect.

The temporal evolution of the UHR BS spectrum at probing
frequency fi=62 GHz during the RF pulse is shown in Fig.6.
As it seen at 30 ms <t<3I ms, the BS spectrum remains
similar to that observed in ohmic heating. The fast reduction of
the Doppler frequency shift and the spectrum narrowing starts
simultaneously with the fast neutral flux growth. This
evolution of the BS spectrum is accompanied by steep
increase of its amplitude. The relaxation of the BS spectrum to

that, observed in the ohmic discharge, starts just after the RF
power switch off. The poloidal velocity profiles, determined
from the Doppler frequency shift of the UHR BS spectra are
Fig.7 for

three moments.
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Fig.6. UHR BS spectrum evolution (62 GHz)

Fig.7. Fluctuation poloidal velocity profiles (UHR BS)

Before the RF pulse the velocity profile is typical for
measured by this technique in the low current regime. The
velocity monotonically decreases when approaching the
plasma edge and change sign in the vicinity of LCFS
(dashed curve in Fig.7). At the LHCD phase the velocity
increases slightly, however its shear remains unchanged
during the first millisecond after RF power onset (light
curve in Fig.7). The dramatic variation of the velocity
profile is observed only after transition to the LHIH regime
at £> 32 ms. As the result, at = 34 ms poloidal velocity is
substantially reduced and its profile in the edge region
become flat (solid curve in Fig.7). In 2 ms after RF power
switch off the rotation profile relaxes to the initial state. It
is important to note that the flattening of the rotation profile
and related decrease of the poloidal velocity shear results in
strong growth of the BS signal, proportional to the level of
small scale density fluctuations, as it is shown by
dependences of BS signal on the UHR position, plotted by
filled and empty points in Fig.8 for the LHCD and LH ion
heating phase of RF pulse correspondingly. Similar
observations were made also by the Doppler reflectometry
technique. Suppression of poloidal rotation was measured
by this diagnostic during the RF pulse, which resulted in
decrease of the velocity shear at the plasma edge, by the
end of the RF pulse.
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Fig.8. UHR BS spectrum amplitude profile
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Fig.9. Scattered power evolution

It should be mentioned that the velocity value, as well as
the profile form, measured by this two microwave
diagnostics do not coincide, which is probably explained
by contribution of wave numbers smaller than those
corresponding to the BS cross section maximum. The
level of the Doppler reflectometry signal at the plasma
edge also experienced substantial growth at the transition
from the LHCD regime to the LHIH, as it is shown in
Fig.9 for Doppler reflectometry probing frequency 34.5
GHz. This growth is only partly associated with the outer
shift of the cut off layer and indicates the growth of long
scale component of tokamak micro turbulence. The
dependence of the UHR BS signal at probing frequency
62.5 GHz (dash) and 57.5 GHz (dash dot) is shown in
Fig.9 for comparison. The drastic increase of the
turbulence level initiated by the rotation shear suppression
is accompanied by substantial cooling of the electron
component at the plasma periphery, which occurs at the
background of growing density (see Fig.10).

The typical feature of the plasma rotation at the very edge
(out of the LCFS), observed by the UHR BS technique at
RF power onset was quick change of velocity direction.
This effect, well pronounced in all regimes of interaction
and at different grill antenna phasing is illustrated by
Fig.11 in which the temporal variation of the BS spectrum
is shown. The possible explanation robust effect taking
place in the vicinity of the LH grill, which is situated in
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the UHR BS diagnostics poloidal cross section, is based
on the improvement of electron confinement along
magnetic field due to their trapping in ponderomotive
potential
I E
" S t6m
produced by two LH wave resonance cones, shown in

Fig.12. (Ez here is the toroidal component of RF field).
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Fig.10. Electron density and temperature profiles
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JUATHOCTHUKA BPAIIEHUA ITIJIABMbI HA TOKAMAKE ®T-2 HA OCHOBE YCHUJIEHHOI'O
IDPDEKTA JOIJVIEPA ITPU PACCEAHUU HA3A/I B BEPXHEM I'MBPUTHOM PE3OHAHCE

A.B. Anmyxoe, B.B. Bynanun, B.B. /[eauenxo, J1.A. Ecunoe, M.B. I'opoxos,
AJI. TI'ypuenxo, E.3. I'ycaxos, M.A. Hpacax, M.IO. Kaumop, /I.B. Kynpuenko, C.U. Jlawxyn,
A.B. Ilempos, A.H. Casenves, A.JO. Cmenanos, C.B. lllamanun, E.O. Bexuuna

B cratbe onuceiBatoTcst HaOm0AeHUS yeriIeHHOTo a3 dekTta Jloriepa B ClIEKTpe CUI'HaIa paccesTHHOTO Ha3aj] B BEPXHEM
THOPHUIHOM pe30HAHCE 30HIUPYIONIEH BOIHBL. DKCIEPUMEHT BBINOIHEH Ha Tokamake PT-2, Ha KOTOPOM HeJaBHO ObLTH
YCTAHOBJICHBI TOJBIDKHBIE AHTEHHBI, MO3BOJIAIONINE OCYIIECTBIATH 30HAMPOBAHHME IUIA3Mbl 3JIEKTPOMArHUTHBIMHU
BOJIHAMH B HEOOBIKHOBEHHOM MOJIIPU3ALMHA CO CTOPOHBI CHJIBHOTO MAarHUTHOrO mois. IIpw ycinoBuM IOCTYHHOTO
BEPXHETO THOPUAHOTO pe30HAHCA B CIIEKTPE paccesHus HaOMro1anacs IMHUS MUpHHOI MeHee 1.5 MI'1, casuHyTast 10
2 MI'n. Dddexr o0BACHEH POCTOM MOJIOHIATBLHOTO BOJHOBOTO YHCIA 30HAMPYIOIIEH BOJHEI B pe3oHaHce. Hauaro
pa3BUTHE HOBOW CXEMBbI JOKIFHOI JUAarHOCTHKH BPAIIECHHS TUIA3MEHHBIX (UTyKTyalliii, OCHOBAaHHOH Ha 3TOM 3((eKTe.

JIATHOCTHKA OBEPTAHHS IIVTASMHA HA TOKAMAILI ®T-2 HA OCHOBI IOCHJIEHOI'O E®EKTY
JOILJIEPA TTPU PO3CIIOBAHHI HA3A/l Y BEPXHBOMY I'BPUJHOMY PE3OHAHCI

A.b. Anmyxoe, B.B. Bynanin, B.B. /[bauenko, JI.A. €Ecunos, M.B. I'opoxoe,
AJ. I'ypuenko, €.3. I'ycaxkoe, M.A. Ipscax, M.FO. Kaumop, /1.B. Kynpuenuko, C.1. Jlawkyn,
O.B. Ilempos, A.H. Casenves, A.10. Cmenanos, C.B. lllamanin, €.0. Bexuwiuna

VY cTarTi ONMHCYIOTBCS CIOCTEPEKEHHS IOCHIeHOro edekTy Jlomiepa B CIEKTpi CHUTHAIy pPO3CITHOTO Hazax y
BEpPXHBOMY TiOpHIHOMY pe30HaHCI 30HAYBaIbHOI XBHWJII. ExcnepuMent BukoHanuii Ha Tokamami ®T-2, Ha skoMy
HelaBHO OyJIM BCTAQHOBJICHI PYyXJIMBI aHTEHH, IIO J03BOJSIOTH 3/11HCHIOBATH 30HIAYBaHHS IIIa3MH €IEKTPOMArHITHUMH
XBWSIMU B HE3BUUAIHIN moJsipu3anii 3 00Ky CHIBHOTO MarHiTHOTO NOJIS. 3a YMOBH JOCTYITHOTO BEPXHBOTO TOPHIHOTO
pEe30HAaHCY B CHEKTpl pO3CilOBaHHS crocTepirajacs JiHis mupuHoro MeHm 1.5 MIm, 3pymena mo 2 MI'u. Edekr
MOSICHEHUI POCTOM TI0JIOIaJIbHOTO XBHJIBOBOI'O YHCIIA 30HYyBaJbHOI XBWIII B pe3oHaHci. [loyaro po3BHTOK HOBOT
CXEMH JIOKaJIbHOT IIarHOCTUKHU 00epTaHHs IU1a3MOBUX (UIyKTYyalliil, 3aCHOBaHOI Ha IbOMY e(eKTi.
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