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Abstract. The unique correlative upper hybrid resonance backscattering (UHR BS) technique is applied at the
FT-2 tokamak for investigation of fine scale density fluctuations which are considered nowadays as a possible
candidate for explanation of the anomalous ion and electron energy transport in magnetized fusion plasmas.
The measurements are carried out in ohmic discharge at several values of plasma current and density and
during current ramp up and lower hybrid heating experiments. The moveable focusing antennae set have been
used in experiments allowing probing out off equatorial plane. The frequency and radial wave number spectra
of small-scale component of tokamak turbulence are determined from the correlation data with high spatial
resolution. Two small-scale modes possessing substantially different phase velocity are observed in plasma
under conditions when the threshold for the ETG mode excitation is overcome. The possibility of plasma
poloidal velocity profile determination using the UHR BS signal is demonstrated.

1. Introduction

Electrostatic fine scale electron temperature gradient (ETG) mode turbulence is discussed
nowadays as a possible candidate for explanation of the anomalous electron energy transport
in tokamak plasmas [1, 2]. In spite of the fact the theory predictions have not been checked
yet experimentally, it is often used for description of anomalous electron transport and
interpretation of experimental data. The lack of experimental data on the ETG turbulence is
caused by its extremely small scale, complicating investigation with diagnostic tools
(microwave reflectometry) presently used in tokamaks. Unlike the fluctuation reflectometry,
the UHR BS technique is sensitive to the scales in the interval between ion and electron
Larmor radii, where the excitation of the ETG mode is expected. In this paper the results of
investigation of frequency and wave number spectra of small-
scale component of tokamak plasma turbulence performed o[
with the new experimental tool — correlative UHR BS
diagnostics, are presented. 4

2. The upper hybrid resonance backscattering technique of

The upper hybrid resonance (UHR) backscattering (BS) -4
technique or enhanced scattering [3] utilizes for local
diagnostics of small-scale plasma fluctuations the effect of
growth of wave vector and electric field of the probing
extraordinary (X-mode) wave in the UHR, where condition ~FIG. 1. FT-2 poloidal cross
f2 =f..2(R) + f,.2(r) is fulfilled for the probing frequency f; (R ~ Section: 1 - moveable
and r are tokamak major and minor radii, f.. and f, are antennae; 2 - I|m|.ter; 3 -
electron cyclotron and plasma frequencies, correspondingly). magn.etl_c surface; 4 -

. o ere, s . UHR; circles — central ray
To p.r0V1de the. UHR accessibility in tpkamak experlment ‘Fhe of the probing beam,
probing wave is launche(:l .from the high magnetic field side triangles and rhombuses —
of the torus under conditions when the electron cyclotron  hroping beam at 1.5 dB and
resonance layer exists somewhere in a plasma. The UHR BS ~ 3dB power suppression
diagnostics benefits of the probing wave field and wave |evels.
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301 v 1Y ] number growth leading to high localization, enhanced
1548, \ ‘\'1 248 sensitivity to submillimetric scales and substantial frequency

Tg 201 'EBW: | shift of the backscattered wave (Enhanced Doppler effect) [4-
2 o "_J . 7 7]. According to [4, 5], in toroidal devices, where the UHR
A =_A0dB/ and magnetic surfaces do not coincide due to dependence of
Y magnetic field on the major radius R (FIG. 1), the large

0 : : :

60.0 60'5R (61'()) 615 probing wave vector component K., perpendicular to the
cm . . . .

FIG.2. Poloidal probing UHR surface, has a finite projection onto the poloidal

wave number growth near  direction. In general case this projection is given by relation

UHR along central ray 8,512 ‘
(0 dB) and at -1.5 dB level. kg =kgo — ki LR (1)

5] | | ] RIV(f+f2)

— UHR

£ 4 where Kg gives the probing X-mode poloidal wave number out
8 3 of the UHR zone, €, and €y are unit vectors in poloidal and
< ? major radius directions. This dependence was confirmed using
o 0 ‘ chnv: _\Jj beam tracing modelling in [6]. As it is shown in FIG. 2 for the
0 100 200 300 FT-2 tokamak experimental parameters, the poloidal wave
q, (em™) number grows rapidly in the vicinity of the UHR surface. Its
FIG. 3. UHR BS efficiency  value there appears to be proportional to the vertical
for central probing ray. displacement of the ray trajectory. This dependence is

justified in the outer discharge region close to the circular
limiter, where we can transform expression (1) to the following simplified form [4, 5]

Ky =Ky +k, 2 :2 : 2)
UHR

where Yy and r are a vertical displacement from the equatorial plane and minor radius of BS
point at the UHR surface, correspondingly, and L, is the density scale length. 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 corresponding
frequency shift, according to (1), is given by
i 2

) / 0  Ef:fa ‘
2 2 » fo =2| koo + 2rRV9fR+f Vg 3)
& ! g '\ 3 ( Ce)
N NP : where Vy =V, + VE.g 1s the fluctuation p0101da1 velocity in the

-4 -2 0 2 4 laboratory reference system, Vg.g is the plasma drift velocity
f-f=0Q2n (MHz) 5 V;n 1s the fluctuation phase velocity in the reference system

I(:fI(i 34 catLtJel_rigj ]?rzngﬁ(é;a moving with plasma and ¢, = 2Kk, is the fluctuation radial wave

1-y,=2cm; 2 - 0cm. humber.
Cutoff BS spectrum: 3 —
Ya=2cCm. According to [3], the UHR BS frequency spectrum is

determined by the turbulence spectrum |n|§r’q9’g, UHR BS
efficiency Sgs(Qr), as well as by the antenna beam power distribution on the UHR in the

vertical direction F* = exp[-2(y - y+)*p] and is given by an integral over poloidal and radial
fluctuation wave number g, Qr

Pes(€2) = Ilq Q J‘n‘qr 0.0 BS(Qr)Fz(y)d%er ) 4)
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Here we also assumed the following relation between poloidal wave number Qg of
fluctuations contributing to the backscattering and vertical displacement y of the point where
it happens (o= (2Kg + Qr cos y#)y/y=, which can be derived using equation (1) and the BS
Bragg condition (kg is poloidal wave number out of the UHR at the probing beam axis
possessing vertical displacement y«; ys is the angle between UHR and magnetic surface
there). The UHR BS technique is only sensitive to fluctuations possessing wavelength
smaller than half probing wavelength. The UHR BS efficiency Sgs(qr) shown in FIG. 3 for
the FT-2 experiment parameters experiences a sharp maximum at the wave number
Qr = 2(2nfee /€)(¢/V1e)"? which corresponds to BS in the linear conversion point [3].

3. Observation of the UHR BS signal at off equatorial plane probing

The experiment is performed at the FT-2 tokamak (Rp =55 cm,
a=28cm, Bi=22T, lp =23 -35 kA, Te(0) = 500 eV,
ne(0) < 5x10" cm™), where a movable focusing double antennae

f;2:Af (MHz)
-
<

set, shown in FIG. 1, allowing off equatorial plane plasma X- 0= L
mode probing from high magnetic field side, was installed. The «°.1{"" "1 .
maximal vertical displacement of antennae is 2 cm, whereas the =~  -20 -10 0 10 20
diameter of the wave beam at the position of UHR, as measured Y, (mm)

in vacuum is 1.5 - 1.7 cm, depending on the probing frequency. FIG.5. Doppler

The probing is performed in the frequency range 53 - 72 GHz at  frequency  shift and
power level of 20 mW. The coupling of emitting and receiving ~ SPectral half-amplitude
antennae is less than 40 dB. The UHR position is scanned from Width versus antennae
R =59.5 cm to 63 cm by the probing frequency variation. vertical displacement.

Just after the new antennae set installation a separate line less than 1.5 MHz wide and shifted
by up to 2.5 MHz became routinely observable in the BS spectrum under condition of
accessible UHR. The BS spectrum possessing 2 MHz shift, observed at 2 cm antenna
vertical displacement, is shown in FIG. 4 by curve 1. The amplitude of BS line there is
higher than for the probing line because of enhancement of scattering cross section and small
coupling of antennae horns. The ratio of the line frequency shift and broadening is larger
than unity, which allows reliable determination of shift with high accuracy. The BS spectrum
observed in equatorial plane and possessing no shift is shown in FIG. 4 by curve 2. For
comparison the BS spectra observed with the same antenna set, shifted by 2 cm from
equatorial plane, under conditions when the UHR is not accessible is shown in FIG. 4 by
curve 3. This spectrum, which in fact corresponds to Doppler reflectometry with tilting angle
of 15°, is only slightly shifted. The shift can be estimated only with poor accuracy at the
level of 100 kHz. The line frequency shift proportionality to the vertical displacement of BS
point predicted by equations (1) —(3) is confirmed in a special experiment in which the
antennae shift from the equatorial plane was varied from discharge to discharge (FIG. 5). As

—— it is seen the frequency shift (curve 1) of the BS satellite

A

1.00; Ogéng’ changes sign, when the antennae set crosses the equatorial
x 0.75 N o | plane. It appears also in FIG. 5 that the BS line broadening
E 0.50 oA A ] . . . .
= % @% 8 (curve 2), which is approximately constant at small vertical
~ 025 ¥ om displacement, grows approximately linearly with antenna
o2 00055 2-mnmmoooo- . Pml vertical displacement. The observed BS spectra properties

-0.25 54 57 60 63 66 are consistent with the drift type spectrum of the turbulent

(GHz) fluctuations, which suffers from nonlinear broadening

FIG. 6. Doppler frequency
shift versus f;.
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2 o\ g, 4,071 N g exp[—(qe‘Q/Ve)zy/; (5)
'-2 4 v \ ,I—IF; 0r>0g,2 Or,de (Aqe)Z AQQ

= 2 ~2 The broadening parameter Ag, is supposed to be given by the
r:Lg 0 ! - relation: AQyp= (& + aqu)l/z. The UHR BS satellite frequency

0 12 3 4 3 shift dependence on the probing frequency and thus on the UHR

FIG. 7 Q%LR(MHZB)S pgsition 1S non monotoqic, as it i§ seen in FIG. 6 for 32 kA
homodyne spectra: 1: discharge. It decreases with decreasing frequency, takes minimal
22KkA,  6l2cm: 2 value at f; = 60.5 GHz, then maximal value at f;=56.5 GHz and
32 kA, 60.6 cm. finally change sign at f;=54.5 GHz. The last effect most likely

indicates the change of rotation velocity direction, however to
determine its exact value, according to (3) we need to calculate the position of BS point and
measure the radial wavenumber, which will be done in section 5.

4. Observation of the ETG mode turbulence

Keeping in mind that the details of the correlation UHR BS A ( 0
technique developed at FT-2 tokamak were recently published 2 0.6
in PPCF [8], we focus here on comparative analysis of results gg
obtained in two FT-2 discharges. S 4 13
In the first, 22 kA discharge, the He-puffing was performed for 1.9
the spectroscopy diagnostic purposes, which resulted in a flat § g

S 2.6
electron temperature profile at the edge. In this discharge the G ol [
ETG mode threshold condition [2] Ly<1.25L, (Ly, L, are 2 32
electron temperature and density scale length) was not -4 I3_9

overcome at minor radii r>6 cm (R> 61 cm). The UHR BS 0 50 100 150 200

homodyne spectrum obtained in this region (UHR position q (cm)
R=61.2 cm, probing frequency 60.4 GHz) at y,=1.5cm is RPN (c)
shown in FIG.7 by curve 1. It consists of a single line with ~ 104 TS 69
1.2 MHz half-width at half-amplitude level. The wave number § 10} g “= %
spectrum of turbulence in this point was investigated with the 5 10 %o,
correlation technique [8]. Two BS signals at close probing Ng 10° %
frequencies f; and f; + Af;, measured simultancously, were 1 2q p3 45
utilized for the cross-correlation function (CCF) computation. g|g. g (@) UrH?Q BS
The normalized CCF dependence on Af; proportional to the  spectrum obtained from
UHR spatial separation (AR = Af; 0Ryy /of, ) was Fourier CCS; (b) UHR BS

spectral modelling result;
(c) turbulence g, spectrum
reconstruction for
I, =22 kA; R =61.2 cm.

transformed. The obtained cross-correlation spectrum (CCS)
was transformed into the UHR BS spectrum via multiplication
by the frequency spectrum shown in FIG. 7 by curve 1. The
corresponding UHR BS spectrum | , is shown in FIG. 8(a).

As a result of fitting procedure, based on equations (4) and (5), the following parameters
were obtained in the case of figure 3(b): Vy=2.3+0.3 km/s, Agg=37 cm”. The wave
numbers of fluctuations providing the maximal contribution to the BS signal are
9™ =38cm”, go+=0g(yx)=12cm”’. The UHR BS spectrum calculated for these
parameters using expressions (4) and (5) is shown in FIG. 8(b). As it is seen the modeling
result nicely fits the experimental data. The turbulence q; spectrum reconstructed in this case
is demonstrated in FIG. 8(c) in double logarithmic scale (ps= @' (T/m)"?). It decays
slowly as q;>**%7 for 1.1 <, ps <2.1 and then steeply as g, for 2.1 <q, ps <5. This
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knee-like behavior is similar to that observed on Tore Supra

In the second, 32 kA discharge, the necessary condition for the
ETG mode excitation [2] (Lt < 1.25 L,) was fulfilled at r > 4 cm
(R>59cm). The UHR BS homodyne spectrum obtained at
Y. = 1.5 cm in this region for probing frequency 64.4 GHz (UHR
position R = 60.6 cm) consists of two satellites, as it is shown by
curve 2 in FIG.7 The amplitude of the low frequency (LF)
satellite decreases when moving inward the plasma whereas the
high frequency (HF) satellite’s amplitude increases as it is
shown in FIG. 9. The observation of a doublet in the UHR BS

’ 10° 1 g tokamak for ITG mode turbulence [9].
< éﬁ ° 8
g 8000 @ E
< 10’ 2 “e
60 61 62 63

R (cm)

FIG.9. 1 - LF and 2 -
HF satellite’s
normalized spectral

signal is most likely associated with simultaneous excitation of
two different drift modes in the FT-2 plasma. To check this
supposition and to identify modes correlation technique [8] was
used. The UHR BS spectrum |, , obtained is shown in

FIG. 10(a). It consists of two components very different in
frequency. The LF satellite at 1 MHz is larger there than the HF
satellite at 2.4 MHz, which possesses higher Q. Generally
speaking, much higher wavenumber fluctuations contribute to
this spectrum compared to that in FIG. 8(a). To obtain the

turbulence wave number spectrum | n |§ q,.0 from this figure we
r0o>

supposed that it is a result of BS off two small-scale modes
simultaneously excited in plasma and performed numerical
modeling based on equations (4), (5). At first the fitting
procedure was carried out for the LF spectral component and,
as a result, its radial and poloidal wave numbers g, = 120 cm™,
Qo= do(y-) =23 em™,  Ade=20 cm’
Vo= 2.7£0.3 km/s, were determined. After that the difference of
the original spectrum and the outcome of the first fitting
procedure was found, in which the second satellite dominates
and a second fitting was performed. The determined radial and
poloidal wave numbers and the broadening parameter are as
follows: gr = 140 cm™, g+ = qo(y=) =27 cm™, AQy~9 cm™ and
phase velocity Vy=5.6+0.5 km/s. The superposition of the two
spectra reconstructed is shown in FIG. 10(b). The radial

572
1.2

S -4
1.9
5 0 2.5
S .

0 50 100150200

q, (em)
g 107 ©
‘g 10" q, qu—6.4
g 10 e
NEc-“l o' * e
and phase velocity 4 r ,Of 1216

FIG.10. (&) UHR BS
spectrum obtained from
CCS; (b) UHR BS
spectral modelling
result; (c) turbulence g,
spectrum reconstruction
for I, = 32 kA;
R =60.6 cm.

wavenumber spectra obtained in the modeling for both satellites are shown in FIG. 10(c). It
is knee-like for the LF mode with the rupture point at ¢, ps = 8 and scales approximately as
9% for 2.8 < gy ps <8 and as g, **%* for 8 <y ps < 15. This mode may be probably

8 1
56
o
< 4 2
<E 20" ®---0
0
0 10 20 30
q, (cm’)
FIG. 11. Spectral

amplitudes (1 - LF, 2 -
HF) versus g,.

identified with the small-scale ITG mode predicted in [10].
Unlike the LF spectrum, the HF component possesses a
pronounced maximum at ¢,0s= 9 that corresponds to the radial
wave length A, =27 ... This spatial scale is close to the scale at
which the ETG instability growth rate is maximal according to
theory [11] (19=20p.). The dependence of the LF and HF
satellite amplitudes on the fluctuation poloidal wave number
appears to be quite different, as it is seen in FIG. 11. The LF
satellite is maximal at §p= 0 (Y. = 0 cm) whereas the HF satellite
is suppressed at this position. Its amplitude increases with
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17 r .y )l 7.5] P 20 growing poloidal wave number.
3660 3 6.4F 18 According to results of wave number
35 L sl 1'2 measurements, the UHR BS signal is produced
@34l i " by scattering off fine scale density fluctuations
g r 43[ 1.2 i . o . .
330 1o (millimetric and submillimetric scale), which are
~ 3L 320 0s usually not supposed to dominate in the
31F IZ.I' 0.6 turbulence spectrum and determine the electron
30 {7 1 loCii= i ™04 energy  losses. Nevertheless, as the
2030 6l 61 62 measurements performed in the FT-2 tokamak
| (kA) R (cm) R (cm) dynamical current ramp up experiment show,

FIG. 12. Evolutions of plasma current,
electron thermoconductivity profile and
UHR BS signal profile (normalized to its

value at 29 ms).

the evolution of the LF component of the UHR
BS signal integrated in frequency range f;—
1.6 MHz < <f,<f;+ 1.6 MHz is correlated to
the behavior of electron thermal conductivity.

The corresponding results are presented in FIG. 12. As it is
seen there, at the 30™ ms of the discharge the plasma current I,

was ramped from 22 kA up to 32 kA. This current increase &

was accompanied by the growth of electron thermal
conductivity y. and the UHR BS signal Pgg, which lasted till
the 32" ms. After that a substantial suppression of both
thermal conductivity and the UHR BS signal is observed till

37" ms. A similar correlation of the thermal conductivity and

the UHR BS LF component behavior was observed at FT-2 in
the lower hybrid heating experiment [12]. Unlike the LF
component, the HF component behavior in these dynamical
experiments was rather sensitive to the variation of density
and temperature profiles than correlated to the electron

anomalous transport coefficients. As it is seen in FIG. 13a, 2

enhancement of the HF component of the UHR BS spectrum
(integrated in the range fi— 6 MHz <f;<f;—2 MHz is only
observed during the LHH experiment at 30 ms <t <34 ms for
r<6.5cm when and where the ETG instability threshold
condition [2] Ly <1.25L, is satisfied (see FIG. 13b and c).
After the RF pulse when the ETG instability condition is
definitely violated, the HF component is suppressed all over
the observation volume.

6 7
r (cm)
FIG. 13. Evolutions of
(@) UHR BS normalized
signal profile; (b) Lt ;
(c) 1.25L,

Based on these observations we may conclude that the small-scale fluctuations seen at high
frequency are most likely directly excited due to the ETG instability. It is worth mentioning
that the HF mode frequency and poloidal wave number spectral width, both absolute and
relative are substantially smaller than that of the LF mode, which is probably explained by
the HF mode being close to the excitation threshold. Based on the experimental results we
are not able to confirm any role of the HF component in the electron transport so far. On
contrary, the behavior of small scale LF mode also seen with the UHR BS diagnostics is
correlated with the electron thermal conductivity.

5. Plasma rotation measurements by the UHR BS technique

According to theoretical expectations [13], the phase velocity of drift waves responsible for
BS is given by the following expression
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T -T-—- . ] -1

- é 7777777 Vd“-g% Vo =V [1+(q; +Qr2):032} ) (6)
E 24 . f%%&a a where Vg4 is the drift wave phase velocity at,
AV B o° 1 @@ +qgH)p’<<lwhich is proportional to gradients of
< 0 ¢ 81 plasma parameters and depends on the drift mode type.
= -8 E] According to (6) the phase velocity quickly decreases with
60 61 62 " growing wave number at (q4 + g,°)ps>>> 1. Thus it can be

R (cm) beneficial for the plasma poloidal velocity diagnostics to use

FIG. 14. Poloidal velocity  the UHR BS signal, which is produced by the small-scale
profiles for 32 kA discharge:  ¢rpylence component, possessing wavenumber in the range

circles — UHR BS; triangles 2 2\ 2 . . .
’ + >>
_ Doppler reflectometry. (q¢ +9r)pos 1. To determine the rotation velocity profile

. "o | from the dependence of the Doppler frequency shift on the
L} SR sseedhisnaag oo 4 probing frequency, we need to know the electron density
E % 5 6 v /| profile and, according to (3), to calculate the position of BS
= 2|k © wo | point and measure the radial wavenumber of fluctuations
« -4 E providing the largest contribution to the UHR BS signal
= g with the correlation technique described above. In the case
-6 60 61 62 ~ of frequency shift distribution shown for 32 kA discharge in
R (cm) FIG. 6 the poloidal velocity profile takes the form shown in
FIG. 15. Poloidal velocity FIG. 14 by circles. As it is seen, in the inner discharge zone
profiles for I, =22kA plasma rotates in the electron diamagnetic drift direction at
discharge with additional He-  typical value 3 km/s, which is close to the value provided by
puffing: Ci"gﬁsl - L:HR BS, the neoclassical theory [14] formula
squares — -spectroscopy,
rhombuses - Hell- V. L[M+(l— k)m] At R=62cm the
spectroscopy. eBL or or

rotation velocity increases and than in the nearest vicinity of
LCFS, at R = 62.4 cm the rotation velocity quickly decreases and changes sign in the edge
region, where it is natural to expect positive plasma radial electric field, caused by fast
electron losses along open magnetic field lines. The rotation velocity measured in the same
discharge by Doppler reflectometry [15, 16] utilizing O-mode probing from low magnetic
field side at frequencies in 28 GHz frequency band is shown in FIG. 14 by triangles. The
typical value given by this technique is 1.5 km/s which is substantially smaller than that
provided by the UHR BS technique. The difference, according to expression (1), may be
attributed to the contribution of the long-scale fluctuation phase velocity which is negative
and close to the ion diamagnetic drift velocity V4 shown by the upper broken line in the
FIG. 14.

The plasma rotation profile provided by the UHR BS technique was benchmarked as well
against the visible light impurity spectroscopy [17] data. For this purpose the measurements
were performed during the He-puffing into the optical diagnostic cross section, which
resulted in the spectral lines emission growth. The comparison of rotation profiles obtained
by the two techniques in the 22 kA discharge is shown in FIG. 15. As it is seen, within large
error bars of spectroscopy point’s profiles look similar. It should be stressed that both
techniques indicate the change of rotation direction at the very edge of the tokamak
discharge.
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5. Conclusions

Summarizing results of the paper we would like to state that application of the correlation
UHR BS diagnostics utilizing off equatorial plane probing to investigation of tokamak
micro-turbulence is proved to be fruitful and opens numerous new possibilities. It is shown
that small-scale turbulence possessing spatial scale much smaller than ion gyro-radius is
excited at a measurable level in tokamak plasma. In the case the ETG mode instability
condition is not fulfilled at the plasma edge a low frequency mode (most likely collisional
drift wave) possessing a knee-like wave number spectrum is observed. In the opposite case,
when the ETG mode instability condition Lt < 1.25 L, is fulfilled, a doublet is observed in
the UHR BS frequency spectrum. The low frequency satellite is similar to that observed at
the edge. It is also characterized by a knee-like wave number spectrum, with a rupture point
however shifted to smaller scales. The high frequency satellite possessing higher radial wave
number and much higher phase velocity is identified as the ETG mode. It is shown that
behavior of the low frequency component of the UHR BS signal in the current ramp up and
LHH experiments at the FT-2 tokamak is correlated to the evolution of electron thermal
conductivity. A possibility to apply the UHR BS to localized study of poloidal plasma
rotation is demonstrated. The systematic excess of the rotation velocity over that provided by
the Doppler reflectometry is explained by the contribution of the fluctuation phase velocity
in the later case.
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