
  TH/6-3 
 

Multi-Scale Drift Turbulence Dynamics in Ohmic Discharge as Measured 
at the FT-2 Tokamak and Modeled by Full-f Gyrokinetic ELMFIRE-code 

 
E.Z. Gusakov 1, V.V. Bulanin2, A.D. Gurchenko1, J.A. Heikkinen3, S.J. Janhunen4,  

S. Leerink4, A.B. Altukhov1, L.A. Esipov1, M.Yu. Kantor1, T.P. Kiviniemi4, T. Korpilo4,  
D.V. Kouprienko1, S.I. Lashkul1 and A.V. Petrov2 

 

1Ioffe Institute, St. Petersburg, Russia 
2St. Petersburg State Polytechnic University, St. Petersburg, Russia 

3Euratom-Tekes Association, VTT, Espoo, Finland 
4 Euratom-Tekes Association, Aalto University, Espoo, Finland 

evgeniy.gusakov@mail.ioffe.ru 
 
 

Abstract. Quantitative reproduction of selected micro, meso, and macro-scale transport phenomena as measured 
in the FT-2 tokamak is reached by Elmfire global full f nonlinear gyrokinetic particle-in-cell simulation 
predictions. A detailed agreement with mean equilibrium flows, oscillating fine-scale zonal flows and turbulence 
spectra observed by a set of sophisticated microwave back-scattering techniques as well as a good fit of the 
thermal diffusivity data are demonstrated. Both the shift and the broadening of the power spectrum of synthetic 
and experimental Doppler reflectometry diagnostics have been found to overlap perfectly at various radial 
positions, indicating similar rotation and spreading of the selected density fluctuations. At the same time similar 
radial electric field dynamics and outward GAM propagation have been observed by comparisons of the 
probability distribution function, the coherence, the standard deviation and the dominant frequency of the 
simulated and experimentally measured radial electric field fluctuations, identifying the turbulent driven GAM 
as a key contributor to the observed burstiness of the radial electric field affected by impurity ions. 

 
1. Introduction 

 
Large-scale mean EB flows, meso-scale zonal flows and fine-scale micro-turbulence excited 
due to specific profiles of plasma parameters and leading to anomalous transport have been a 
long time in a spotlight of experimental and theoretical research in magnetically confined 
plasmas [1, 2]. In a recent work [3], massively parallelized particle-in-cell simulations of the 
electron and ion gyrokinetic particle distribution function and the electromagnetic field were 
conducted for the small research FT-2 limiter tokamak [4] to study first time these phenomena 
and their complex interplay from first principal simulations, and quantitative comparisons 
were successfully presented with measurements, this being of importance, as all the above 
mentioned processes were simultaneously incorporated into one simulation.  
In the present paper, to illustrate highlights of such an approach following [3], results of the 
global gyrokinetic particle-in-cell simulations will be quantitatively compared to mean 
equilibrium thermal diffusivities, EB flows, fine-scale zonal flows and oscillations of such 
flows in the presence of tokamak plasma drift wave turbulence experimentally observed at the 
FT-2 tokamak equipped both with a set of standard tokamak diagnostics and by sophisticated 
microwave backscattering techniques characterizing the tokamak turbulent dynamics and 
transport phenomena at micro, macro and meso-scale. Spectral cross-phase dependences are 
presented to enlighten the geodesic acoustic mode (GAM) wavelength and propagation. 
 
2. The gyrokinetic modeling approach 

 
As a basis of computation, the FT-2 circular tokamak low current ohmic discharge conditions 
resulting in effective collisionality =10-25 and effective Larmor radii 

0.003 0.02s iv a      with i the ion gyro-frequency and vs the ion sound velocity are 
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adopted. The FT-2 plasma energy confinement time is about 1 ms which is two to three orders 
of magnitude longer than the linear growth time and the decorrelation time of the main 
underlying trapped electron mode instability. The FT-2 plasma is bounded by a pair of 
poloidal limiters allowing a simpler simulation than a divertor tokamak. With  << 1, typical 
for the FT-2 tokamak, the electrostatic assumption with fixed magnetic field background is 
legitimized, reducing much the computation effort. 
Based on the simplifying circumstances listed above the simulations are done with the global 
electrostatic particle-in-cell code Elmfire [5] to find the total distribution function (full f) of 
drift kinetic electrons and any selection of gyrokinetic protons and oxygen ions O6+ which 
dominate in the FT-2 discharge according to the visible light spectroscopy. A simulation 
region of  0.25 1r a     and a time step of t = 30 ns are employed. The spatial grid is 

set to 1201508 in radial(r)/poloidal()/toroidal() direction which limits the narrowest 
resolvable density fluctuations to the order of the ion Larmor radius. Neumann and Dirichlet 
boundary conditions for the potential are used at the inner and outer boundary, respectively. 
Collisions are modeled by a momentum and energy conserving binary collision model 
between all particle species [6], whereas a toroidal angular momentum conserving 
interpolation scheme for the electric field is applied [7]. The particles are initialized according 
to a prescribed temperature and density profiles taken close to the experimentally measured 
(see Fig. 1) and are allowed to self consistently develop in time while turbulence develops and 
heat sources and sinks are applied. The oxygen O6+ impurity is initialized at density 
NI = 0.07Ne in order to provide the experimental value of Zeff = 3.1 as determined using 
ASTRA modeling and experimental loop voltage measurements. The initial impurity and 
hydrogen temperatures were assumed to be equal. 
The main plasma energy losses in FT-2 are by heat conduction and convection, impurity 
radiation and ionization whereas the heat source is by Ohmic heating, only. In modeling, the 
electrons are cooled using a Monte Carlo model reducing their energy according to the fit of 
the power density of the experimental impurity radiation distribution accounting for 

ionization losses resulting in dependence:  8 16 33.5 10 ( 0.16 0.08 0.15) W/mradP e       . 

Ohmic heating is inherent by a feedback in the radially uniform loop voltage ramping up to 
the experimental value and sustaining the total plasma current for the steady state solution. 
Particles passing the inner boundary are reflected back into the simulation domain whereas 
particles passing the outer boundary are reinitialized into the simulation domain as an 
electron-ion pair according to a prescribed profile based on deduction from the measured 
radial profile of neutral hydrogen density. This particle outflow caused by the two FT-2 
poloidal limiters is modeled by assigning a random toroidal distance, ranging between 0 and 
2R0, to each ion entering the outer layer of the simulation domain. When the ion has traveled 
this distance it is reinitialized back into the plasma. For every removed ion a random electron 
from the same radial position is simultaneously removed. This model successfully prevents 
particle accumulation near the outer boundary and captures the most prominent features of the 
recycling process. 
The simulations were performed in two parts. During the first 180 s of computation the 
modes with toroidal mode number 0n   were removed to obtain the neoclassical (NC) 
equilibrium after which the filtering was switched off and turbulence was allowed to develop 
for another 180 s (Turb). On average each cell of spatial grid contained 3000 particles of 
each species obtaining a random noise level lower than 1% at which convergence of the 
fluxes was achieved [8]. 
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3. The FT-2 discharge and diagnostics.  

 
The reference low-current FT-2 research tokamak (major 
radius R = 55 cm, minor radius a = 8 cm) hydrogen Ohmic 
discharge (plasma current of 18.9 kA, magnetic field 2.3 T) 
possesses modest parameters determined by a set of standard 
tokamak diagnostics [4]. The electron density measurements 
performed by Thomson scattering and microwave 
interferometer resulted in profile shown in Fig. 1 and maximal 
density of 41013cm-3. The electron temperature profile 
possessing the central value of 400 eV was measured by 
Thomson scattering. The ion temperature profile was 
determined from the neutral particle analyzer data for r < 4cm 
and by the visible light spectroscopy diagnostic for r > 5 cm. 

(Fig. 1 presents the experimental profiles, the simulated input 
and steady state profiles for the turbulent stage of the 

simulation.) The radiation losses were obtained by vertically scanned bolometric 
measurements. The value of Zeff = 3.1 was determined based on the experimental electron 
temperature profile using ASTRA code modeling and experimental loop voltage value 
2.25 V.  
The plasma turbulence at micro and meso-scales, as well as global poloidal flows, were 
characterized using several microwave techniques based on the backscattering approach. 
The first of them - Doppler reflectometry utilizes backscattering of electromagnetic waves 
from low frequency small-scale density fluctuations in the vicinity of the cutoff under the 
oblique incidence of probing beam on flux surface [9]. At FT-2 the probing in ordinary 
polarization is performed in the frequency range 26-36 GHz at the fixed incidence angle of 
12 degrees which in the case of backscattering corresponds to fluctuation poloidal wave 
number range 3-5 cm-1 [10]. The probing radial domain is 0.8-0.9 r/a and the spatial 
resolution 0.5 cm. The diagnostics implemented at the FT-2 allows to obtain only the 
temporal spectra of the scattering fluctuations and to evaluate Doppler frequency shift related 
to perpendicular rotational velocity of fluctuations in lab frame 

/ 2Df   v k       (1) 

where v = vEB + vph; vEB is the velocity of drift in radial electric field, vph is the phase 
velocity, k - the wave vector determined by Bragg condition. According to [9], in the case of 
Born approximation valid in small FT-2 plasma at the modest level of density perturbations 
complex output signal of incident-quadrature (IQ) detector of the backscattered radiation A(t) 
is related to the scattering density fluctuations n(r,,t) by expression: 

( ) ( , , ) ( , )A t n r t W r rdrd     ,     (2) 

where W(r,) is the complex 2D weighting function determined using the reciprocity theorem 
in the case of general plasma configuration in [9]. In the present paper the weighting function 
was computed for the conditions close to experimental ones, but under assumption of 
axisymmetric distribution of the background plasma density and for reasonable incident beam 
profile. Using it the IQ detector signals were reconstructed in the synthetic diagnostics with 
n(r,,t) value provided by the Elmfire code data. Afterwards the Fourier transformation of 
the computed complex signals were compared with the actual spectra obtained in the DR 
experiment in the FT-2. 

Fig. 1. Plasma density and 
temperature  radial profiles. 
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In order to increase the spatial and temporal resolution of velocity measurements, the upper 
hybrid resonance (UHR) Doppler enhance scattering (ES) technique utilizing out of equatorial 
plane X-mode microwave plasma probing from the high magnetic side of the torus at 
frequency 54-66 GHz was used [10, 11]. The signal of backscattering in the UHR produced 
by fluctuations possessing very high radial wave numbers kr~ 60-120 cm-1 and high poloidal 
wave number k ~ 15-30 cm-1 is measured by the diagnostics. The measurement localization 
in this technique is determined by the UHR layer position (r/a ~ 0.65-0.87)  wheras the spatial 
resolution is of the order of 0.1 cm. According to (1), the Doppler frequency shift of the 
backscattering signal in ES is much larger than in Doppler reflectometry, which provides the 
diagnostics with much better temporal resolution. The fluctuation poloidal velocity is 
obtained in this technique, as in Doppler reflectometry, from the frequency shift of the 
backscattering signal using expression (1). 
 
4. Comparison of experimental and computational results and discussion. 

 
4.1. Comparison at the macro-scales. 

The application of the developed numerical 
model to the FT-2 tokamak discharge 
computation has resulted in relatively small 
relaxation of the main parameter profiles, as it is 
seen in Fig. 1. The electron and main ion 

effective heat conductivity:  j j j r jq n T   , 

with qj the heat flux for each component, are 
obtained from the experimental profiles using 

ASTRA modeling [12] for the former one and 
energy balance in the ion channel for the latter one and compared to the Elmfire predictions 
obtained from the computed energy flux Qj and particle flux j with the use of relation 

3
Q

2j j j jq T   . An overall good agreement between the simulations and the experimental 

estimations of the electron and ion heat conductivity were achieved, as it is shown in Fig. 2. 
The thermal conductivity value appears to be anomalous in both channels, however it exceeds 
the neoclassical value substantially only for electrons, whereas for ions it is comparable. The 
only location where computational predictions and experimental values differ is at the outer 
boundary where both the level and the variation tendency are in disagreement. Similar 
underestimations of the heat conductivity by gyrokinetic simulations at the edge have been 
previously presented by [13, 14]. 
The attractive feature of the Elmfire code is its ability to calculate self consistently the electric 
field spatial distribution and therefore to characterize the poloidal plasma rotation, which is 
estimated at the FT-2 by Doppler reflectometry and Enhanced scattering techniques. The 
radial distribution of the computed poloidal plasma rotation velocity VEr×B averaged over all 

time of turbulent stage of the simulation and over the 
DR scattering region (magenta curve) as well as the 
turbulence poloidal rotation velocity obtained by the 
two microwave techniques and by the synthetic 
diagnostics are compared in Fig.3. The turbulence 
poloidal velocity is obtained from the back scattering 

spectra with the help of (1) and using the center of 
gravity of the spectrum to determine the Doppler 
frequency shift fD. The turbulence rotation as measured 

Fig. 2. Radial profiles of e and i. 

Fig. 3. Radial profiles of the poloidal 
velocity. 
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by Doppler reflectometry and determined by the synthetic diagnostics coincide very well, 
being however different from the computed VEr×B velocity and from the velocity of small 
scale fluctuations measured by Enhanced scattering. This difference should be attributed to 
the fluctuation phase velocity which appears to be substantially smaller for small-scale 
fluctuations in agreement with theory [15] resulting in the following expression for the phase 
velocity of drift waves: 

2 2 1
ph dr s(1 )V V q  

  ,      (3) 

where q
2  q

2 + qr
2 and Vdr is the drift wave phase velocity at qs << 1, which is 

proportional to gradients of plasma parameters and depends on the drift mode type. According 
to (3) the phase velocity quickly decreases with growing wave number at qs >> 1. Thus it 
can be beneficial for the plasma poloidal velocity diagnostics to use the enhanced scattering 
signal, which is produced by the small-scale turbulence component, possessing wave number 
in the range qs >> 1. 
4.2. Comparison at the micro-scales. 

The detailed comparison between the 
experimental Doppler reflectometry frequency 
spectra determined by the micro-scale 
turbulence in the preselected spatial and wave 
number range and the spectrum obtained using 
the synthetic diagnostics based on equation (2) 
and computational results can be utilized for 
validation of the gyrokinetic computation at 
the micro-scale level as well. Such a 
comparison performed at the radial position 
6.36 cm is shown in Fig. 3 where the statistical 
averages obtained at the saturated nonlinear 
state are made over 64 μs to obtain similar 
statistics. As it is seen in Fig. 4, not only the 
frequency shift, but also the width and even the 
shape of the experimental spectra are well 

reproduced by the synthetic diagnostic indicating comparable rotation, spreading and 
temporal correlation of the selected turbulent density fluctuations. The similar detailed 
agreement of experimental and synthesized spectra was surprisingly observed at all the radii 
where the Doppler reflectometry data was available [3].  
4.3. Comparison at the meso-scales. 

As usual in scattering experiments [16, 17], the spectral 
width of the Doppler reflectrometry spectrum is larger 
(a factor of 2) than the value, prescribed by the wave 
number resolution of the Doppler reflectometry 
technique. This difference is explained, in substantial 
part, by fast and strong variation of radial electric field 
observed in modeling (Fig. 5). Such an attribution is 
supported by Doppler reflectometry and enhanced 
scattering measurements revealing similar oscillations 
in the poloidal fluctuation velocity V meso-scale 
dynamics. For this purpose the sliding Fourier 

Transform (FT) procedure (or the -phase method [18]) 
was applied to signals produced by the backscattering IQ 
(or quadrature) detection. These procedures resulted in 

Fig. 5. Er time traces over the ES region 
with neoclassical predictions from 

simulation. 

Fig. 4. Spectra comparison: DR (magenta) and 
synthesized from Elmfire simulations with impurities 

(blue). 
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time sequences of backscattering spectra and after application of the centre of gravity 
weighting in the temporal dependence of the Doppler frequency shift fD(t). The corresponding 
radial electric field time trace Er(t) obtained from the enhanced scattering data (FT window of 
64 points and a sampling period of 50 ns, corresponding to a Nyquist frequency of 
fN = 156.25 kHz) under assumption of small fluctuation phase velocity justified above was 
used in the analisis. For one to one comparison between the simulated and experimental Er 
fluctuations, frequencies above the fN were removed from the simulated Er(t) by a low pass 
filter (LPF). 
The probability distribution functions (PDFs) of the electric field oscillations Er(t) = Er(t) -
 < Er > (< Er > is the time averaged mean) determined by Elmfire and enhanced scattering 

diagnostics are similar and well approximated by 
normal law, as shown in Fig. 6 for r ~ 5.65 cm. At 
various radial positions a good quantitative agreement 
is found between the experimental and simulated 
standard deviations (E) of the Er PDFs when LPF is 
applied [3]. 
The giant Er oscillations at a frequency of 30-50 kHz 

clearly seen in Fig. 5 are attributed to the geodesic 
acoustic mode (GAM). The GAM like spectral lines 

were revealed in the Fourier spectrum of Er(t) dependencies shown in Fig. 5 as well as in 
similar dependencies obtained using the Doppler reflectometry diagnostics. Unfortunately, 
due to insufficient radial resolution the contrast of the GAM spectral peak is not high (< 2) for 
the Doppler reflectometry measurements complicating the V meso-scale dynamics 
investigation from fD oscillations against the background wideband noise. Therefore the V 
dynamics in the present paper was studied in more detail using the ES diagnostic possessing a 

much better spatial resolution and higher GAM 
contrast (~ 4). 
In Fig. 7 the dominant Er oscillation frequency 
dependence on the radial position obtained by 
Elmfire simulations with (blue) and without 
(magenta) impurities are compared with results of 
backscattering measurements and with the analytical 

prediction [19] for the GAM frequency (solid and 
dashed curves) in which the role of impurities is 
accounted for. It is worth to note that when the O+6 

component is included in the simulations (ni = 0.07ne) a much better match to the analytical 
estimation obtained for relaxed profiles as well as to the enhanced scattering and Doppler 
reflectometry measurements is found.  
Application of dual-frequency enhanced scattering correlative approach [20] possessing sub-
millimeter spatial resolution allowed comparison of the radial structure of the GAM as 
measured in FT-2 and computed by Elmfire. For this purpose two backscattering signals at 
probing frequencies with difference |f2

 - f1| < 4 GHz, corresponding to spatial separation of the 
corresponding UHR in plasma |L| < 2 cm, were measured simultaneously by two homodyne 
channels. Because of large Doppler frequency shift of the backscattering spectra the 
corresponding line at frequency fD is also seen in both homodyne spectra. It allows 
reconstruction of two signals f1D(t) and f2D(t) in the same manner as it was done above in this 
section for the IQ signal and calculation of their Fourier spectra. The coherence (absolute 
value of the cross correlation function) of these two spectra obtained at r = 4.3 cm is shown in 
Fig. 8a. Due to the GAM influence on both signals f1D(t) and f2D(t) it is quite natural that the 
level of coherence at GAM frequency is high when radial separation between the 

Fig. 6. PDFs of the Er fluctuations. 

Fig. 7. Radial profiles of the dominant line’s 
frequency in the Er(t) spectrum. 
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measurement points is smaller than the correlation length, as it is seen in Fig. 8a. The value of 
the GAM correlation length is determined in Fig. 7a as L = 0.7 cm. The corresponding 
coherency dependence on frequency and radial separation for the radial electric field 

computed by Elmfire in the same point is shown in 
Fig. 8b. It looks similar to that obtained in 
experiment and results in the similar GAM 
correlation length. The two spectra cross-phase 
dependences on radii determined experimentally 
and numerically for the GAM frequency (50 kHz) 
are shown in Fig. 9 to be very similar as well. They 
are easily approximated by linear dependences 
corresponding to the outward GAM propagation. 
The GAM wavelength and phase velocity are 
accordingly r = 2.4 cm and Vr = 1.2±0.1 km/s as 
provided by correlative enhanced scattering and 
r = 2.2 cm and Vr = 1.1 km/s as provided by 

Elmfire modeling. 
 
5. Conclusions 
 

Summarizing, direct measurements of micro, meso, and macro-scale transport phenomena in 
the FT-2 tokamak are shown to be quantitatively reproduced by global full-f nonlinear GK 
simulation with Elmfire code. A detailed agreement with radial profile of mean equilibrium 
E×B flows, spatial structure and temporal behavior of oscillating meso-scale zonal flows 
(GAM) and turbulence spectra observed by a set of sophisticated microwave BS techniques as 
well as a good fit of the thermal diffusivity data are demonstrated. A clear influence of the 
impurity ions on the fluctuating radial electric field is observed. 
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Fig. 8. Coherence via spatial separation. (a) experimental for fD; (b) simulated for Er. 
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Fig. 9. Cross-phase via radial separation. 
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