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The fast linear (Born approximation) version of the X-mode Doppler reflectometry (DR) synthetic

diagnostics is developed in the framework of the ELMFIRE global gyrokinetic modeling of the

FT-2 tokamak ohmic discharge. The DR signal frequency spectra and the dependence of their fre-

quency shift and shape on the probing antenna position are computed and shown to be similar to

those measured in the high magnetic field side probing DR experiment at the FT-2 tokamak. The

fluctuation poloidal velocities are determined using the DR experiment and synthetic diagnostics

and shown to be within 15%. However, the computed and measured dependences of the DR signal

power on the antenna position appear to be different presumably due to underestimation of the

small-scale trapped electron mode turbulence component in the measurement region by the code.

Published by AIP Publishing. https://doi.org/10.1063/1.5034781

I. INTRODUCTION

The anomalous energy transport remains the main unre-

solved enigma on the way to the realisation of magnetic con-

finement fusion using the tokamak concept. According to the

present day understanding,1–4 the anomalous transport is

determined by the drift-wave turbulence and is strongly

dependent on the nonlinear interaction of micro-turbulence

excited due to specific instabilities caused by the plasma

inhomogeneity with large-scale mean E�B flows and meso-

scale zonal flows. That interaction, controlling the anoma-

lous transport, has been in the focus of theoretical and exper-

imental research in magnetically confined plasmas for a long

time. The massively parallelized particle-in-cell simulations

of the gyrokinetic (GK) distribution function and the electric

field5,6 provide an efficient theoretical tool for studying the

nonlinear turbulent plasma dynamics, which, however, needs

a validation and comprehensive benchmarking against the

experimental data.7–9 In the recent papers,10,11 such simula-

tions of the electron and ion distribution functions from the

first principles were performed for the small research toka-

mak FT-2 with a limiter configuration. The complex inter-

play of different turbulence components was studied in the

simulations, and the successful quantitative comparison with

the measurements carried out mostly at the low magnetic

field side of the machine, where the turbulence is excited,

was presented.

In the present paper, the results of the global GK parti-

cle-in-cell simulations are quantitatively compared with the

X-mode Doppler reflectometry experimental data obtained at

the high magnetic field side of the FT-2 tokamak and pre-

sented in part in Refs. 11 and 12. These data, obtained with

standard Doppler reflectometry utilizing variable antenna

positions, characterize the tokamak plasma turbulent dynam-

ics at different scales: micro-scales [density fluctuations of

trapped electron mode (TEM)] and macro-scales (the veloc-

ity of global plasma flows). All the cases of agreement and

disagreement of comprehensive comparison of synthetic and

real experimental diagnostics are discussed in detail.

Doppler reflectometry (DR) is the microwave diagnostic

widely used nowadays in toroidal fusion experiments to get

information on the anomalous transport phenomena—

namely, on plasma rotation (the mean value and its oscilla-

tions)13 and the turbulence poloidal wavenumber spectrum.14

Unfortunately, in the case of X-mode DR, the probing wave

turning point, providing the enhanced contribution to the DR

signal in the slab or cylinder plasma model, cannot be deter-

mined unambiguously due to the 2D propagation effects

essential in a tokamak, which complicates the experimental

data interpretation and its comparison with the GK theory

predictions. Unlike the cylinder geometry, in the 2D case,

the radial coordinate of the ray trajectory turning point is

dependent not only on the value of the poloidal wavenumber,

but also on the poloidal coordinate of the ray starting point at

the boundary. In the 2D case, it is not given by explicit

expression; therefore, to determine it, one needs to integrate

the differential equation for the ray trajectory. Development

of a synthetic diagnostics, allowing the DR signal computa-

tion based on the results of GK modeling, could be helpful in

this case both for the interpretation of the experimental

results and for the code benchmarking.10,11,15–21 The linear

version of the DR synthetic diagnostics, based on the compu-

tation of the probing microwave spatial distribution in the

background plasma and evaluation of the DR signal in the

Born approximation, was developed and used in Refs. 10,

11, and 15 for the O-mode and in Refs. 16, 20, and 21 for

both O- and X-mode DR measurements at the low field side

(LFS) of the torus. The approach of Refs. 10, 11, and 15 uti-

lized the reciprocity theorem of electrodynamics integrating

contributions from all the plasma volume to the DR signal

under assumption of cylindrical plasma neglecting the dis-

charge toroidal curvature, poloidal magnetic field component,

and Shafranov shift. Under these simplifying assumptions
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making the problem effectively one-dimensional (cylindri-

cal), the electric field of the probing wave supposedly propa-

gating perpendicular to the external magnetic field was

found by solving a set of ordinary differential equations for

different poloidal harmonics. In Refs. 16, 20, and 21, only

the input of the maximum of the probing wave diagram

close to the its reflection region, was taken into account

when calculating the DR signal spectrum, as a convolution

of the diagram and the turbulence spectrum provided by the

gyrokinetic code. The non-linear version of the DR syn-

thetic diagnostics utilizing the full-wave computation of the

probing microwave in the plasma with the density profile

provided by the GK code, but neglecting the poloidal mag-

netic field, was recently developed and applied for compari-

son of computed and measured Doppler backscattering

signals dependence on the incidence angle of the O- and X-

mode probing at the LFS.17–19

In this paper, the linear version of the X-mode high

field side (HFS) DR synthetic diagnostics is developed in

the framework of the global gyrokinetic ELMFIRE model-

ing of the ohmic FT-2 tokamak discharge similar to that

used in Refs. 10 and 11. The X-mode DR signal is com-

puted within the framework of the theory linear in the den-

sity fluctuation amplitude (Born approximation) using the

reciprocity theorem technique and utilizing the probing

wave field pattern provided by the full-wave computation

that takes into account the 2D plasma inhomogeneity

effects and the poloidal magnetic field component.

Therefore, by solving the Maxwell equations, we do not

assume the probing wave propagation to be strictly perpen-

dicular to the external magnetic field and take into account

the variation of the probing wave field along the magnetic

field. The dependencies of the DR signal frequency spec-

trum amplitude, frequency shift, and shape on the probing

antenna position are computed and compared with those

measured in the experiment at the HFS of the FT-2 toka-

mak, where the decay of the TEM turbulence takes place

according to the GK code predictions. Strong disagreement

obtained in the case of the spectrum amplitude dependence,

as well as a close agreement demonstrated in the latter

cases are discussed. The fluctuation poloidal velocities are

determined using the DR experiment and synthetic diagnos-

tics and shown to be within 15%.

II. THE EXPERIMENTAL APPROACH

The experiment was performed at the FT-2 tokamak

(major radius R¼ 55 cm, limiter radius a¼ 7.9 cm) in the

hydrogen ohmic discharge (with plasma current Ip ¼ 19 kA,

central density ne(0) ¼ 4� 1013 cm�3 and electron tempera-

ture Te ¼ 370 eV). The duration of the discharge is 40 ms

whereas the flat-top stage lasts for 10 ms [Fig. 1(a)]. The dis-

charge is similar to that utilized for successful comprehen-

sive benchmarking of the ELMFIRE GK code in Refs. 10

and 11, however, the toroidal magnetic field at the discharge

axis is slightly smaller (Bt(0) ¼ 1.7 T instead of 2.1 T). The

majority of the experimental figures in this work are obtained

using data from the flat-top phase of multiple highly repro-

ducible discharges similar to that shown in Fig. 1(a). The

ASTRA code fits of the actual electron density (measured

with a microwave interferometer and laser Thomson scatter-

ing) and temperature (provided by laser Thomson scattering)

profiles for this discharge used in the gyrokinetic modelling,

as well as the ion temperature profile (determined with a

neutral particle analyser and impurity spectroscopy) are

shown in Fig. 1(b) together with the corresponding error

bars. The vertically movable (by 62 cm) X-mode double

antenna set (shown in scale in Fig. 2) installed at HFS near

the equatorial plane allowed plasma probing at variable inci-

dence angle with frequencies in the range fi ¼ (50–75) GHz.

The distance from the limiter position to the antenna opening

is 0.2 cm, whereas the microwave beam diameter there is

2 cm. In the past this antenna, described in more detail in

Ref. 22, was used for the ETG mode studies using the

enhanced scattering in the upper hybrid resonance.23,24 In

the present experiment, it was used in standard DR measure-

ments utilizing the quadrature detection scheme. The DR

spectrum was obtained via averaging over 155 random DR

power spectra obtained by using Fourier transform of succes-

sive 12.8 ls samples of the DR signal.

The backscattering spectra psðf Þ measured by the

X-mode DR diagnostics at different vertical antenna dis-

placements are shown in Figs. 3(a) and 3(b). There the fre-

quency f is equal to the difference of the scattered and

incident wave frequencies: f ¼ fs � fi. One can see that

with the increase in the antenna vertical displacement

(and, correspondingly, of the probing wave incidence

FIG. 1. (a) The temporal evolution of the loop voltage, plasma current, toroidal magnetic field, and chord integrated density. (b) The plasma parameter profiles.

Density—solid curve; electron temperature—squares; and ion temperature—triangles.
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angle), the backscattering power decreases, while the spec-

tra frequency shift and width increase.

III. THE GK COMPUTATION APPROACH AND THE
SYNTHETIC DIAGNOSTICS

A. The GK computation approach

The simulations are performed with the global electro-

static particle-in-cell code ELMFIRE5 to model the evolution

of the full distribution function of drift kinetic electrons, gyro-

kinetic protons, and O6þ ions, which dominate in the FT-2

discharges according to spectroscopic measurements.25 The

simulation geometry has a circular cross-section and covers

the radial range of r/a ¼ [0.25–1]. The time step is set to

dt¼ 30 ns and spatial grid to 120� 150� 8 cells in radial (r),

poloidal (h), and toroidal (u) directions, which limits the larg-

est resolvable density fluctuation wavenumber at r¼ 5.5 cm to

khmax ¼ 14 cm�1 corresponding to khmaxqs ¼ 0:8. The maxi-

mum resolution is limited by the memory requirements of the

global full-f code, and thus, the complete grid convergence

has not been proven. However, as discussed in Ref. 26, the

radial and poloidal resolutions have been set such that the

magnetic shear should be accurately modeled for all the poloi-

dal modes.

Approximately, 2400 electrons and ions are simulated

per grid cell on average. According to the particle number

convergence studies presented in Ref. 26 for FT-2-like

plasma parameters, this should be enough to guarantee a

noise level of approximately 1%. Momentum and energy

conserving binary collision operator27 are applied for colli-

sions between all the particle species and allow the inclusion

of neoclassical physics in the simulations.

The particles are initialized according to a prescribed

temperature and density profiles taken close to the experi-

mentally measured ones at the low field side of the tokamak,

where the trapped electron mode (TEM) typical for FT-228 is

driven [see Fig. 1(b)]. The profiles are allowed to develop

self-consistently in time, while the turbulence develops, and

heat sources and sinks (namely, Ohmic heating and radiation

losses) are applied. The Ohmic heating is induced by the spa-

tially homogeneous loop voltage,26,29 while electrons are

cooled according to the impurity radiation loss distribution

measured by the bolometry diagnostics. The initial oxygen

O6þ impurity density is chosen in order to provide the exper-

imental value of Zeff ¼ 2.2, as determined from ASTRA

modeling and experimental loop voltage measurements, with

equal temperatures for the impurities and main ions.

Neumann and Dirichlet boundary conditions are used at

the inner and outer boundary of the simulation geometry for

the electrostatic potential. Particles passing through the inner

boundary are simply reflected back into the simulation

domain, whereas particles passing through the outer bound-

ary are returned to the simulation domain as an electron-ion

pairs (according to a probability distribution proportional to

the measured radial profile of neutral hydrogen density) with

temperature equal to the wall temperature. The total number

of particles in the simulations is thus conserved.

After the initialization, the turbulence emerges in

the simulation near the middle of the simulation volume at

r/a¼ 0.63 in the first 30 ls and reaches a saturated state.

That initial growth period of turbulence is neglected in the

analysis, but the energy and particle fluxes remain variable

in the whole plasma even in the saturated phase, after the ini-

tial growth, as it is seen in Fig. 4. The strong oscillations of

FIG. 2. The DR experiment geometry (the antennae, the X-mode cut-off,

and the upper hybrid resonance positions) and the probing wave poloidal

electric field distribution computed for ya¼ 1.5 cm.

FIG. 3. The measured DR signal spectra for antennae shifts (a) below the equatorial plane and (b) above it.
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energy fluxes are related to the geodesic acoustic mode

(GAM)30 excited in the FT-2 plasma.31

Convergence studies for numerical parameters of corre-

sponding discharges are presented in Ref. 26. The quality of

a flux-driven full-f simulation is given by the balance of

sources and sinks. In this case, the sources and sinks are not

able to completely match the turbulent transport in the core

and vice versa in the edge plasma. This causes the tempera-

ture profiles to change slightly from the input values, while

the density profile, which is the main turbulent drive for the

trapped electron mode here, remains close to the original.

Possible reasons for the partial mismatch are underestimated

prediction of transport from the small scales and uncertainty

in the sources and sinks that depend on the ASTRA analysis.

The normalized root mean square (rms) density fluctuation

level is approximately 3.78% at r¼ 5 cm and increases to a

maximum of 13% on the edge of the simulation volume at

r¼ 8 cm.

B. The fast synthetic diagnostics

The fast synthetic X-mode DR diagnostics developed

for this code is based on the reciprocity theorem of electro-

dynamics32 relating the high-frequency current in the plasma

volume and the signal radiated by it. This approach, provid-

ing directly the scattering signal received by an antenna

without computation of the scattered field in the plasma vol-

ume, is equivalent to the Born approximation treating the

density fluctuations as a small perturbation. In the case of

microwave backscattering, the reciprocity theorem results in

the following expression for the signal AsxðtÞ:

Asx tð Þ ¼
ffiffiffi
P
p

4

ð
V

~n ~r; tð Þ
ne

r̂ ~r ;xð Þ~Ea ~r;xð Þ
� �

~E
þ
a ~r;xð Þd~r; (1)

where P is the probing wave power; the DR signal power is

given by jAsxðtÞj2;
~nð~r ;tÞ

ne
is the relative density fluctuation dis-

tribution provided by the GK computation; r̂ð~r;xÞ is the

high-frequency conductivity tensor of the unperturbed

plasma: rxx ¼ ryy ¼ ix
4p

x2
pe

x2�x2
ce
; rxy ¼ �ryx ¼ xce

4p
x2

pe

x2�x2
ce
; and

rzz ¼ ix
4p

x2
pe

x2 , the z-axis of the Cartesian coordinate system is

directed along the magnetic field calculated accounting for

its poloidal component;
ffiffiffi
P
p

~Eað~r ;xÞ stands for the probing

wave electric field distribution, and ~E
þ
a ð~r ;xÞ stands for the

wave electric field distribution produced by the probing

antenna at the unit power and the opposite sign of the plasma

magnetic field. The integration in Equation (1) should be,

and was, performed over the whole discharge poloidal cross-

section. The electric field distribution was determined by

solving the Maxwell equations in the realistic toroidal geom-

etry and for the density profile shown in Fig. 1(b). The poloi-

dal magnetic field component and its inhomogeneity,

provided by the ASTRA transport code were taken into

account. The equations describing the probing wave propa-

gation in two-dimensionally inhomogeneous plasma

~r � ~r � ~Ea

� �
¼ x2

c2
1þ 4pi

x
r̂

� �
~Ea (2)

were solved numerically by the full-wave code WaveTOP2D33

initially developed for the ICR frequency range, modernized

here and applied in the microwave frequency domain. The

boundary conditions at the antenna were modeling the exper-

imentally measured Gaussian wave beam focusing on air at

the distance of 14 cm from the antenna where its diameter

was equal to 1.5 cm in the poloidal direction. The infinite

size of the beam in the toroidal direction (toroidal mode

n¼ 0) was assumed. The reflection from the tokamak metal-

lic wall was suppressed by introducing an artificial absorbing

layer in the wall vicinity. The corresponding distribution of

the poloidal component of the microwave electric field in the

presence of plasma is shown in Fig. 2 for the incident wave

frequency fi ¼ 70 GHz and the vertical shift of the antenna ya

¼ þ1.5 cm. The DR diagnostics weighting function

wð~r;xÞ ¼ ~E
þ
a ð~r ;xÞ
neð~rÞ ½r̂ð~r;xÞ~Eað~r;xÞ� is plotted in Fig. 5. As it

FIG. 4. The temporal variation of GK energy fluxes. Solid line—for ions;

and dashed—for electrons.

FIG. 5. Spatial structure of the weighting function W for ya¼ 1.5 cm and

probing wave ray trajectories for ya¼ 0.5 cm (solid), ya¼ 1.0 cm (dash),

ya¼ 1.5 cm (dash dot), and ya¼ 2.0 cm (short dash).
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is seen, the weighting function absolute value is maximal at

the minor radius r � 5:8 cm in a relatively narrow (0.4 cm in

the minor radius direction) region tangential to the X-mode

cut-off, and shifted vertically from the equatorial plane by

2 6 1 cm. In the case of statistically homogeneous turbu-

lence, this region provides the dominant contribution to the

DR signal. With decreasing antenna vertical displacement,

the vertical shift becomes smaller so that at the plasma prob-

ing along the density gradient (at ya ¼ 0 cm) it is 0 6 1 cm;

simultaneously, the main maximum of the weighting func-

tion penetrates slightly (0.3 cm) deeper in the minor radius

direction. Thus, the expected radial position of the region

providing maximal contribution to the synthetic DR signal

changes from r¼ 5.6 cm at ya ¼ 0 cm up to r¼ 5.9 cm at ya

¼ 2 cm. The typical poloidal wavelength of the fluctuations

contributing to the DR signal is determined by the poloidal

period of the weighting function oscillations in the zone of

their maximal amplitude. In the case shown in Fig. 5, it is

equal to 0.8 cm. The consequence of turbulent density fluctu-

ations computed during 0.12 ms in the eight toroidal sectors

corresponding to the grid cells were used to obtain the DR

signal lasting 0.96 ms. This realization was divided into

0.012 ms samples in which the random Fourier spectra were

calculated and used later to obtain the average DR spectrum.

The radial distribution of density fluctuations was taken

exactly the same as provided by the GK code, whereas they

were supposed constant in the toroidal direction inside the

toroidal sector.

It should be stressed, however, that the approach based

on the linearized reciprocity theorem neglects the perturba-

tions of the probing wave propagation caused by the density

fluctuations: the unperturbed wave field is substituted in (1).

In this approach, nonlinear effects, in particular multiple

small-angle scattering, are not taken into account; however,

the single small-angle scattering important at small DR inci-

dence angles is accounted for. In this sense, as it was already

mentioned, it is equivalent to the so-called Born approxima-

tion linear in the fluctuation amplitude. The main merit of

this approach is the possibility of fast computations, whereas

the main drawback is related to the neglect of the nonlinear

effects, which should be not that strong a limitation in the

case of a small machine. The Born approximation criteria for

the backscattering in the cut-off vicinity given in Ref. 34 in

the case of X-mode takes the form
2~nð~r ;tÞ

ne
ðxL

c Þ
2=3 � 1, where

L is the distance from the plasma boundary to the cut-off.

This criteria leads to condition
~nð~r ;tÞ

ne
< 0:06 which holds in

the measurement region, where, according to the GK compu-

tations
~nð~r ;tÞ

ne
� 0:04.

IV. COMPARISON OF THE DOPPLER
BACKSCATTERING SIGNALS

A. DR frequency spectra form, shift, and width

All the DR spectra, both obtained in the experiment and

provided by the synthetic diagnostics were normalized to

unity and then compared in Fig. 6 for negative and positive

vertical antenna shifts. The absolute comparison of the

experimental and synthetic diagnostics results is not possible

here (like in many DR experiments—see, for example, Ref.

21) because the measurements are not calibrated absolutely

and the synthetic DR signal computations are two-

dimensional. In spite of that, due to the two-dimensional

character of the drift-wave turbulence strongly elongated

along the magnetic field possessing small pitch angle (1.7�),
the computation utilizing only the central (n¼ 0) component

of the toroidal antenna diagram is capable of describing the

main features of the DR signal. In particular, within this

approach, the comparison of the synthetic and experimental

DR spectra and the DR signal dependence on the antenna

vertical displacement is meaningful after normalization even

without absolute calibration because these characteristics are

FIG. 6. Comparison of normalized DR

spectra for different antenna vertical

displacement. circles—experiment;

and triangles—synthetic DR.
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determined only by the turbulence wavenumber spectrum

perpendicular to the magnetic field and by the antenna poloi-

dal diagram. The latter was measured and then used in

computations.

As it is seen in Fig. 6, the synthetic spectra fit reasonably

well the experimental ones for all the antenna positions. Not

only are the shifts of both spectra close in all the cases, but

their shapes (with the exception of the case ya ¼ �10 mm)

also look alike. This impression is confirmed more rigor-

ously in Figs. 7(a) and 7(b), where the mean frequency shift

fD ¼
Ð

f � psðf Þdf=
Ð

psðf Þdf and the mean frequency width

Df ¼ ½
Ð
ðf � fDÞ2 � psðf Þdf=

Ð
psðf Þdf �1=2

of the experimental

and synthetic spectra obtained as the first and the second

moment of the spectrum, accordingly, are plotted as func-

tions of the antenna vertical displacement. For both spectral

characteristics, the data provided by the experiment and GK

modeling agree within 20%, even at ya ¼ �1 cm, where the

form of the spectrum is different, as it is seen in Fig. 6. For

the majority of points, the difference of the measured and

computed Doppler frequency shift is substantially smaller

than 20%. The meaningful difference in the Doppler fre-

quency shift is observed only at the largest antenna displace-

ment, ya ¼ 62.0 cm. This difference could be presumably

attributed to the overestimation by the code of fluctuation

phase velocity at the largest resolvable wavenumber, accord-

ing to the Nyquist or Kotelnikov theorem, determined by the

grid cell poloidal size (jh ¼ 14 cm�1), which by chance is

close to the value corresponding to the largest antenna shift

(jh ¼ 11 cm�1). The agreement of the experimental and syn-

thetic data demonstrated in Figs. 6 and 7 is not specific for

the chosen probing frequency fi¼ 70 GHz, as it is shown in

Fig. 8, where the results of the comparison performed for the

probing frequency fi¼ 67 GHz are presented. (In the experi-

mental day, when the probing at frequency for fi ¼ 67 GHz

was performed, the discharge was shifted vertically by

0.5 cm that allowed measurements in the vertical antenna

displacement interval [�1.5 cm, 2.5 cm] with respect to the

discharge equatorial plane.)

The obtained agreement between the measured and com-

puted DR spectra form, shift, and width, which are determined

by the plasma flows, provides arguments in favor of correct

modeling of plasma poloidal rotation dynamics by the GK code.

B. DR signal dependence on the probing wave
poloidal wavenumber

We also compared the dependences of DR signal intensity

PR ¼
Ð

psðfs � fiÞdfs on the vertical antenna displacement,

FIG. 7. (a) Dependence of the DR signal frequency shift on the antenna vertical displacement ya for fi¼ 70 GHz. Circles—experiment; and triangles—syn-

thetic DR. (b). Dependence of the DR signal frequency width (rms) on the antenna vertical displacement ya for fi¼ 70 GHz. Circles—experiment; and trian-

gles—synthetic DR.

FIG. 8. (a) Dependence of the DR signal frequency shift on the antenna vertical displacement from the discharge equatorial plane ya for fi¼ 67 GHz. Circles—

experiment; and triangles—synthetic DR. (b) Dependence of the DR signal frequency width (rms) on the antenna vertical displacement from the discharge

equatorial plane ya for fi¼ 67 GHz. Circles—experiment; and triangles—synthetic DR.
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which are presented in Fig. 9 in terms of the poloidal wave-

number spectrum of the turbulence. (Both measured and com-

puted dependences were normalized to unity at jh ¼ 0 (ya

¼ 0.0 cm) and then compared.)

The relation between the antenna displacement and the

approximate value of the probing wave poloidal wavenum-

ber (providing the largest contribution to the DR signal) is

shown in Fig. 10. This wavenumber is obtained using both

the analysis of the weighting function periodic structure (see

Fig. 5 and comments there) and the X-mode ray-tracing.

In the ray-tracing computations, we assume concentric

circular flux surfaces and use the orthogonal toroidal coordi-

nate system (q, h, u), where q (varying from 0 to 1) is the

dimensionless radial coordinate normalized by the tokamak

minor radius a0, and h and u are the poloidal and toroidal

angles, respectively. We also assume that plasma parameters

are independent of the toroidal co-ordinate u, and set the

toroidal wavenumber equal to zero. Then, the ray tracing

equations describing a ray trajectory in the poloidal cross-

section have a very simple form

dq
ds
¼ @D

@k1

;
dk1

ds
¼ � @D

@q
dh
ds
¼ @D

@k2

;
dk2

ds
¼ � @D

@h
;

where s is an independent variable (e.g., normalized trajec-

tory length), D is the left part of the dispersion relation D(q,

h, k1, k2) ¼ 0 (we choose the solution corresponding to X-

mode); k1, k2 are associated with kq and kh — radial and

poloidal components of wave vector k — by the relations

k1 ¼ kq and k2 ¼ qkh. Ray trajectories corresponding to dif-

ferent antenna positions and launched from the centrum of

its beam are shown in Fig. 5. The value of the probing wave

poloidal wavenumber corresponding to the measurement

was taken at the minimal radial coordinate of the trajectory.

Using this relation, we converted the dependences of the

measured and synthetic DR signal on the antenna displace-

ment into the dependence of the DR signal intensity on the

fluctuation poloidal wavenumber (assumed to be equal to

twice the probing wave poloidal wavenumber in the turning

point jh ¼ �2kh) plotted in Fig. 9. The extrapolation of the

density fluctuation poloidal wavenumber spectrum computed

in the DR measurement area provided by ELMFIRE is also

shown there.

Both the measured and the synthetic dependences of PR

on jh in Fig. 9(a), which are related to the poloidal wave-

number spectrum of density fluctuations, as well as the

locally computed poloidal wavenumber spectrum of the fluc-

tuations itself, could be well approximated by the Gaussian

dependences PR 	 exp ½�ðjhlchÞ2=4�. The parameter lch,

possessing the meaning of the poloidal correlation length, is

given by lch ¼ 0:4 cm in the case of computed fluctuations,

whereas in the experiment its value is substantially smaller:

lch ¼ 0:25 cm. This difference is a consequence of a steeper

decay of the synthetic DR signal with growing antenna verti-

cal displacement leading to a significant (by a factor of 10)

excess of the measured PR over the synthetic one for back-

scattering off the fluctuations possessing the poloidal wave-

number jh ¼ 11 cm�1. There are several effects possibly

contributing to this excess at larger fluctuation wavenumbers

FIG. 9. The dependence of the backscattering power on the fluctuation poloidal wavenumber. (a) Linear scale: circles—experiment; triangles—synthetic DR;

solid and dashed lines—Gaussian approximations; and squares—extrapolation of the GK turbulence spectrum computed in the backscattering region. (b)

Double logarithmic scale: circles—experiment; triangles—synthetic DR; and squares—the GK turbulence spectrum computed over the HFS part of the torus

at r¼ 5.5 cm.

FIG. 10. The relation between the antenna vertical displacement and the

probing wave poloidal wavenumber. The circles are provided by ray tracing;

the crosses—by weighting function.
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(and antenna displacements, ya ¼ 62.0 cm). The main effect

is the underestimation of the computed turbulence poloidal

wavenumber spectrum in the small-scale domain at HFS due

to the grid-scale limitations. [As it was mentioned above the

largest resolvable wavenumbers (jh ¼ 14 cm�1), by chance

is close to the value corresponding to the largest antenna

shift (jh ¼ 11 cm�1).] Another important effect is the non-

linear multiple scattering providing contribution to the

Doppler backscattering signal. In the case of the steep wave-

number spectrum, it can become larger than the standard lin-

ear Bragg backscattering taken into account in this paper.35

Finally, the finite width and different form of the actual and

computational Gaussian antenna diagram at high angles at

the level of �20 dB can contribute to the effect as well, as

they take part in the convolution over the fluctuation poloidal

wavenumber that produces the DR signal.

The measured and synthetic dependencies of PR on jh

plotted in the double logarithmic scale are presented in Fig.

9(b). In the case of experimental dependence, the linear

approximation results in the power index �0.9; however, the

scattering of points is quite large compared to the Gaussian

approximation demonstrated in Fig. 9(a). Moreover, in the

case of synthetic spectra, the approximation with one or two

linear dependences is questionable. Generally speaking, the

linear approximation of the measured and synthetic depen-

dencies of PR on jh plotted in the double logarithmic scale is

worse than the Gaussian one shown in Fig. 9(a)—probably

because our measurements and computations are carried out

at the HFS (h � 1508) where the TEM turbulence decay

takes place. The turbulence in computations is clearly inho-

mogeneous in poloidal direction. The density fluctuations are

substantially stronger at the LFS thus demonstrating the bal-

looning effect. This effect is presumably associated with the

higher density of trapped electrons at the low field side pro-

viding drive to the instability and making the drift wave

unstable. In the case of the density fluctuation poloidal wave-

number spectrum computed at r¼ 5.5 cm over all the HFS

region (908 < h < 2708) including the top of the torus,

where the turbulence level is maximal, the linear approxima-

tion results in two power indexes �0.5 and �2.2 for two

parts of the knee-like spectrum, as it is shown in Fig. 9(b).

C. Fluctuation poloidal velocity

The data presented in Figs. 7 and 10 allow us to plot the

dependence of the fluctuation poloidal velocity on the mea-

surement poloidal position (and/or on the fluctuation poloi-

dal wavenumber which was varied simultaneously with

position) shown in Fig. 11. It should be mentioned that the

values of fluctuation poloidal velocity provided by the DR

experiment and by synthetic diagnostics agree within the

20% accuracy for majority of points excluding those corre-

sponding to the maximal poloidal wavenumbers, where the

modeling is less reliable. Performing averaging of the fluctu-

ation poloidal velocity obtained at antenna vertical displace-

ments, where measurements are more reliable, we obtain

an estimation of the mean measured fluctuation poloidal

velocity in the high field side equatorial plane region

vh ¼ pfD=kh � 1:9660:1 km=s, whereas in synthetic DR

computation, vh ¼ pfD=kh � 2:2560:03 km=s. The deter-

mined synthetic and experimental velocities are within 15%,

thus demonstrating a correct reproduction of electric field

behavior in the FT-2 tokamak by the ELMFIRE GK code.

However, the value provided by the synthetic DR differs

from the poloidal component of the plasma E�B velocity

given by the code locally in the vicinity of the probing wave

turning point (at r¼ 5.5 cm). As a result of averaging over

the turbulent period of computation and all toroidal sectors,

we get cEr=Bu ¼ 2:1 km=s. This difference could be attrib-

uted to the contribution to the fluctuation velocity from the

value of the drift wave phase velocity in the plasma reference

frame, as well as to the radial and poloidal36 inhomogeneity

of plasma poloidal rotation. The calculation of the most unsta-

ble drift-wave phase velocity at r¼ 5.5 cm performed with

the linear version of the GENE code37 in the local flux-tube

geometry without collisions, impurities, and electromagnetic

effects resulted in the value vph ¼ 0:49 km=s. The values of

the fluctuation velocity extracted from Fig. 8 and correspond-

ing to the 67 GHz probing wave turning point r¼ 6.3 cm

are vh ¼ pfD=kh � 2:4560:1 km=s in the experiment and

vh ¼ pfD=kh � 2:660:03 km=s for synthetic DR diagnostics.

The contribution of the plasma velocity parallel to the mag-

netic field (vjj ¼ 4:0 km=s) is small there (jdvhj < 0:1 km=s)

due to a very small magnetic field pitch angle in FT-2.

V. CONCLUSIONS

To summarise, we can conclude that the fast linear ver-

sion of the X-mode high field side (HFS) DR synthetic diag-

nostics based upon the reciprocity theorem is developed in

the framework of the global gyrokinetic ELMFIRE modeling

of the FT-2 tokamak discharge. The ELMFIRE code bench-

marking against the X-mode Doppler reflectometry experi-

mental data, performed for the HFS of the FT-2 tokamak

with the help of the DR synthetic diagnostics, has demon-

strated a good agreement between the measured and com-

puted DR frequency spectra. For all antennae positions and

probing frequencies used for comparison both the spectra

FIG. 11. Dependence of the fluctuation poloidal velocity on the poloidal

position of the measurement point. Circles—experiment; and triangles—

synthetic DR.
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frequency shift and width, and in many cases, the spectra

shape, were similar, thus demonstrating a correct reproduc-

tion of the electric field behavior in the FT-2 tokamak by the

ELMFIRE GK code. The mean fluctuation velocities deter-

mined by the DR measurements and the synthetic diagnos-

tics appeared to be close. However, the fluctuations velocity

provided by the synthetic diagnostics was slightly different

from the plasma E�B velocity computed by the GK code—

most likely due to the contribution from the fluctuation phase

velocity, determined in the plasma reference system, and to

the radial and poloidal inhomogeneity of plasma poloidal

rotation.

Dependences of the measured and synthetic DR signal

power on the antenna vertical displacement are well approxi-

mated by Gaussian curves. However, the estimated «poloidal

correlation lengths» corresponding to these dependences are

different by a factor of 1.7. Presumably, this difference could

be attributed to the fact that GK computations underestimate

the small-scale turbulence level in its decay region at the

high field side of the torus.
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