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Abstract.  The paper presents the new data on the effective Lower Hybrid Heating (LHH) which has been 
studied at FT-2 tokamak. The main goal of the experiments is analyze the plasma core parameters, when the 
Internal Transport Barrier (ITB) during auxiliary LHH and than edge (ETB) Transport Barrier has been 
observed. The task of this paper is both the presentation of the characteristic features of the edge parameters 
variation, which was observed at PLHH = 90÷100kW when the edge transport barrier is formed and the 
presentation of the first results obtained at enhanced RF power P(LHH) ≈ 2P(OH)=180kW. A considerable 
attention in the recent studies researches was paid to statistical analysis of the edge plasma parameters. The 
paper presents corresponding data and illustrates dependence change of Probability Distribution Functions 
(PDFs) of fluctuation induced flux oscillations measured near of the LCFS on HFS and LFS of the plasma core. 
The new experimental data connected with fluctuation induced flux parameters changes are presented and 
discussed. In development of the LHH experiment the enhanced additional LH heating 
P(LHH) ≈ 2P(OH)=180kW is applied. Useful increase electron and ion temperatures the same as plasma density 
are observed. Fast drop down of the Hβ spectral line intensity as well as periphery radiation losses decrease 
indicates at L - H transition. The experiment demonstrates the L – H transition with suppression of the radial 
fluctuation induced flux near LCFS which observed just with LHH switch on. The new experimental data are 
presented and discussed. 
 
1. Introduction 
 
The paper presents the new data on the effective Lower Hybrid Heating (LHH) which is used 
at FT-2 tokamak. As a result of the Lower Hybrid additional Heating and transition into 
improved confinement the energy confinement time in the post heating phase increases 
compared to the initial OH phase from τОН=0.8ms to τPostLHH= 2.8ms [1, 2]. The task of this 
paper is both (1) the presentation of the new characteristic features of the edge parameters 
change, which was studied at PLHH = POH = 90÷100kW when the edge transport barrier is 
formed [1] and (2) the presentation of the first data with enhanced RF power of additional 
heating corresponding to the twice ohmic power PLHH ≈ 2POH=180kW. 
 
(1) The considerable attention in experimental researches of the edge plasma’s characteristics 
is paid to statistical analysis of density and potential fluctuations. In the theory of plasma 
turbulence it is often assumed that the statistical properties of fluctuating processes are close 
to the properties of Gaussian random process [3]. Although there are observations of the edge 
plasma on the many fusion devices, that the time realizations of density and potential have 
“burst” structures, i.e. they contain the fast density spikes and holes [4, 5]. That is why the 
probability distribution function (PDF) of the fluctuations may be far from Gaussian PDF at 
the plasma edge where the large scale fluctuations are not rare events [6]. The PDF of the 
described intermittent transport [5, 6] is a useful characteristic to describe the dynamics of 
these large transport events. The statistical analyze of the periphery fluctuation at L –H 
transition in the FT-2 experiment when PLHH = POH is considered in the Chapter 2 of the 
paper. 
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(2) In development of the LHH experiment the 
additional LH heating of the higher power is 
applied. The main plasma parameter changes 
measured by unique diagnostics are described 
and analyzed in the Chapter 3. The discussion of 
the new characteristics of the observed effective 
heating and transition into improved confinement 
mode is given in the end of the Chapter. 
 
2. The statistical properties of the periphery 
fluctuations at L – H transition on FT-2 
tokamak 
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IG. 1 Multielectrode Langmuir probe 
rrangement for measurement at Low 
LFS, θ = 3100) and High (HFS, θ = 2300)
ield Sides of characteristic properties of 

he periphery plasma parameters 
 
Statistical properties analysis of plasma density 

d the particle flux fluctuations are presented for FT-2 tokamak periphery, which was 
died at PLHH = POH = 90÷100kW. The presented data are obtained by 5 pin Langmuir 
be. The experiment is carried out in discharge the following parameters q = 6 (R=0.55m, 

=0.079m, Ipl = 22kA and Bt = 2.2T) [2]. For axial heating the initial central density of the 
sma core has to be ne(r = 0 cm) ≈ 3,5 1020m-3.The RF pulse (∆tLH = 5ms, f  =920MHz) is 

plied at the 30th ms of a ∆tpl = 50ms plasma shot. During additional LHH the ITB is formed 
ontaneously a few ms after the RF pulse start. The L-H transition with Edge Transport 
rrier (ETB) has been observed after the RF pulse end. Energy confinement time increases 
ring RF pulse from τE(OH) = 0.8ms up to τE(postLHH) = 2.8 ms when LHH is switched off 
d L - H transition is observed [1]. As the probe measurements show, L – H transition and 
B formation are associated with 

gative Er rise near LCFS after LHH 
lse [2, 7]. Experimental scenario and 
lti pin Langmuir probe arrangement 
e Fig. 1) for measurement at Low 
FS, θ = 3100) and High (HFS, 

 2300) Field Sides of characteristic 
perties of the periphery plasma 

rameters are described in detail in 
 7]. The poloidal angle θ shows the 
be position in respect to the 

uatorial outboard midplane in the 
ection of the electron diamagnetic 
ft. The plasma core was slightly 
ifted upward (by 3÷4 mm) to allow 
be measurements in the deeper 
ers of the plasma near LCFS and for 

me adjustment of the plasma 
rameters poloidal symmetry. The 
bes can be moved from limiter shadow and SOL (r ~ 80 – 76mm) up to LCFS region 
76 – 74 mm) on the shot by shot basis. Observed suppression of the radial fluctuation 
uced flux Гr

~(t) = Cn(~)E(~) c〈n(~)2(t)〉1/2 〈Eθ
(~)2(t)〉1/2/Bϕ, during LHH could be caused by 

crease of poloidal electric field Eθ, and density Ne
~ oscillations as well as by the reduction 

the correlation coefficients Cn(~)E(~).[7] The Fig. 2 illustrates the time behavior of these 
rameters at plasma periphery for LCFS region (r = 74mm) at HFS (θ = 2300). The 
rrelation coefficient Cn(~)E(~) is depicted for a few probe positions, r = 74-77mm. These data 
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FIG. 2 The time behaviour of the plasma fluctuation 
periphery parameters at HFS. Гr

~ is radial 
fluctuation induced flux averaged over 0.5 ms 
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show a gradual decreases of the Гr
~(t) on the plasma edge when ITB forms at the medium 

radii (r = 4-5cm, t ~ 32ms) and therefore after LHH pulse end. Radial fluctuation induced flux 
Гr

~ (averaged over 0.5 ms) at the periphery decreases in parallel with Hβ radiation. 
Suppression of radial fluctuation induced transport at plasma column periphery, starting from 
ITB formation at 32 ms, defines the mechanism of L - H transition, which is observed after 
LHH pulse end [2, 7]. 
 

Change of the PDF of the observed 
intermittent transport is a fundamental 
characteristic to describe the dynamics of 
these transport processes. At the angle 
θ=2300 the three electrodes (1, 2 and 3) of 
the 5th pin Langmuir probe are located 
along tangential direction in respect to the 
plasma cross section [7]. The (4) and (5) 
pins are located in radial direction. The 
middle pins (2) and (4) of those electrodes 
have been used for ion saturation current 
δIsat measurements. The edge pins (1), (3) 
and (5) were set at floating potential. In this 
case, neglecting the electron temperature 
fluctuations, one can suppose, that : δIsat ∝ 
δn, δφf ∝ δφs(space) and density of the radial 
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FIG. 3 Change of the Auto Correlation 
Functions of the saturated ion current 
oscillations measured at r = 74mm (near of the 
LCFS), r = 76mm and r = 78mm on HFS and 
LFS. 
fluctuation induced flux Гr
~(t) is δΓr ∝ δIsat 

δφ1f − δφ3f), where δφ1f and δφ3f are floating potentials at the edge pins (1) and (3). The 10th 
igit analogue-to-digital converter with 1 MHz timing generator is used for probe signal 
egistration. The data are analyzed using the 1 ms (29÷30 ms) time samples of the ion 
aturation current or fluctuation induced flux for OH (L – mode) and (35÷36) one on the post 
H heating period (H-mode). It has been checked if the fluctuations’ temporary realizations 
orrespond to the both criterion of a stationary and the criterion of an events’ independence. 

nalysis of the 1 ms time samples of the ion saturation current and radial fluctuation induced 
fluxes using the criterion of the 
inversions shows that stationary 
hypothesis about could be accepted 
with 5% significance level [8]. 
Verification of the “events’ 
independence” was carried out using 
the Auto Correlation Functions (ACFs). 
The Fig 3 illustrates the change of the 
ACFs of the ion saturation current 
oscillations measured at r = 74mm 
(near of the LCFS), r = 76mm and 
r = 78mm on HFS and LFS. One can 
see, that the Full Width at Half 
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G. 4 The PDF of the saturated ion currents for
r space points on HFS (a. c) and LFS (b, d). 
Maximum (FWHM) of the ACFs 
ly change during L – H transition and remains ~ 2÷3 ms, which is congruent with 1 mks 
g generator numeralization. So, temporary realizations satisfy to the criterion of an 
s’ independence. At the same time the ACF FWHM on the HFS is approximately two 
 wider than the ACF FWHM on the LFS. There is a decrease of the ACF FWHM’s 
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during displacement outward from the plasma core. The PDF of the ion saturation currents 
and fluctuation induced fluxes are shown in Fig.4 and Fig. 5 for four spatial points. For the L-
mode phase the PDF of the saturated ion currents are characterized by the wide and 
asymmetric distributions with clear positive non-Gaussian long lag tail, which point out at 
high event probability of the positive dense plasma spikes. The L – H transition results in the 
PDF peaking with decrease of the positive non-Gaussian long lag tails. It is typical that the 
left “tail” of the PDFs (r = 78mm) has the cut-off because the plasma density could be only 
positive. At the same time at L-H transition there is a symmetrisation of the PDFs near the 
LCFS (r = 74mm), Fig. 4a and 4b. For both sides (HFS and LFS) the PDFs near LCFS are 
closer to the Gaussian distribution (Skewness S ~ 0 and Flatness K~3 [5]) than near limiter 
(r = 78mm) where S > 0 and K-3 > 0 
 
The PDF peaking and symmetrisation as a 
result of a L – H transition is observed for 
radial drift fluctuation induced fluxes (Fig. 5). 
However the shape of the distribution 
functions on the LFS and the HFS at L – mode 
is essentially different. On the HFS at L –
 mode the positive non-Gaussian long lag tails 
are observed, that indicates a high probability 
of the extremely large spikes of the outward 
particle flux. On the LFS the non-Gaussian 
long lag tails are negative (Fig. 5b and 5d), i.e. 
the inward particle flux. The presence of the 
periphery plasma waveform with higher density (filaments, blobs) moving inward to the 
plasma core has been registered on the LFS of the FT-2 earlier [9]. 
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FIG. 5 The PDF of the fluctuation induced 
fluxes for two space points on HFS and LFS. 

 
So, the analysis of the Langmuir probe measurements permits to determine that statistical 
properties of the periphery ion saturation current fluctuations and radial drift fluctuation 
induced fluxes are significantly inhomogeneous both in poloidaly and radial directions. In the 

L-mode the PDFs of the fluctuations 
measured at different radial positions and 
poloidal angles are essentially different 
from normal (Gaussian) distribution. L –
 H transition results in significant changes 
of the statistical characteristics of the 
periphery fluctuations. The PDFs of the 
investigated values peak and become 
more symmetrical. The ion saturation 
current fluctuations PDF become closer to 
the normal law (criterion of χ2 [8]) only in 
the region directly near to the LCFS 
(r = 74mm). So, a assumption frequently 
used in theoretical models that fluctuating 
parameters correspond to the normal law 
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ectral line intense. Decrease radiation losses 

d shown for high field side chord X = - 6cm. 

[3] becomes restricted at the plasma edge. 

ew experimental investigations and new original procedures developed for the analysis 
perimental results are needed. In particular, there is an idea for interpretation of the 
imental PDF as a number of the same normal (Gaussian) distributions of turbulent 
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fluxes with help of EM – algorithm [6]. Such approach permits to obtain the information 
about numerous processes, which stimulate the turbulence, and estimate theirs characteristics. 
 
3. Characteristic features of the experiment with enhanced LH additional heating power 
 
In development of the LHH experiment the enhanced additional Lower Hybrid Heating 
(LHH) is applied. The power of RF pulse PLHH is increased up to 2 POH ≈ 180 kW. The 
experimental scenario is the same as described in the previous Section with the plasma core 
slightly shifted upward (see Fig. 1). The main plasma parameters are measured by standard 
and unique diagnostic techniques. Changes of the electron temperature Te and plasma density 
ne are measured by a laser Thomson scattering (TS) diagnostics, respectively and a 2mm 
interferometer, respectively, Tion(r) is measured by Nuclear Particle Analyzer (NPA). Spectral 
measurements are made with two monochromators providing observation of the radial 
impurity distribution in hydrogen plasma as well as measurements of ion temperature and 
poloidal rotations of plasma by spectral line broadening and Doppler shift of the impurity line 
radiation [10]. For control of the fast changes of the hydrogen recycling the measurements of 
profiles of the hydrogen line emission during one short are provided by applying a television 
video camera (VC) as a radiation detector of the monochromator. SOL parameters are 
measured by multipin Lengmuir probes. The correlative upper hybrid resonance (UHR) 
backscattering technique was used for investigation of the small-scale density turbulence at 
the FT-2 tokamak. 
 
3.1 The main plasma parameter changes 
 

 
PL

 PL

Fig. 6 depicts waveforms of the following main parameter: central (x=0cm) line of sight 

averaged density <ne>, electron temperature Te(y=0cm) measured by the (TS) diagnostics at 
the central position (y=0cm) at the vertical laser probing and central ion temperatures 
Ti(r=0cm). These parameters rise during RF heating pulse. Fast drop down of the 
Hβ(481.8nm) spectral line intensity as well as the radiation losses decrease shown for a high 
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TABLE 1 COMPARISON OF THE MAIN PLASMA PARAMETER CHANGES 
∆ Te

LHH/Te
OH Ti

LHH/Ti
OH Te

LHH/Te
OH Prad

LHH/Prad
OH Ne

LHH/Ne
OH

HH = 2POH 0.78 2.6 1.8 2.1 1.5 
HH  = POH 0.26 1.9 1.4 1.5 1.24 
 si
pr
ld
  
FIG. 7 The profiles of the main parameters against to the magnetic surfaces radii. The 
data of Langmuir probe for 37 ms is shown by short dot line in Fig. 7c. 
de chord x = - 6cm in Fig. 6 indicates L - H transition during RF pulse.  
ofiles of these parameters against the magnetic surfaces radii are presented in Fig. 7. It 
 be noted, that during additional heating a small shift (without any plasma current 
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disruptions) of the plasma column along the major radius R is observed. The shift of the 
magnetic surfaces center obtained from interferometer density measurements is taken into 
account for magnetic surface referencing of the TS electron temperature data presented in Fig. 
7b.  
 

The effect of the higher additional heating, with 
wice ohmic power PLHH ≈ 2POH is compared with 
xperiments at PLHH ≈ POH [1] (see Table 1). These 
ata indicate fact, that efficiency of the LH heating 
f the ion component remains approximately the 
ame as at smaller RF power. Furthermore, the 
entral electron temperature increases also and 
emains for about 5 ms at high level after RF pulse 
witch off. 

he registration of the monochromator outward 
lit image by the camera has been carried out for 
ontrol of the fast hydrogen recycling processes. 
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 Fig. 8 presents the Hα (656,3nm) line integral 
radiation intensity against vertical diameter 
obtained during one shot. As in the case for Hβ line 
there is fast decrease of the spectral line intensity 
IHα after 34 ms. After inversion of the IHα(x) to 
IHα(r) the calculated per-unit neutral density radial 
profiles NH(r) = IHα(r)/(ne(r))kX) against the 
magnetic surface radii demonstrate a fast hydrogen 
atom density decrease (see Fig. 9) after L – H 
transition. Here X[cm3/s] is the excitation rate and 
k is the geometrical factor. We would like to draw 
attention to the shift of the maximum of the NH(r) 
deeper into the plasma core (see profiles of the 
34 – 38 ms), which could be explained by both by 
spontaneous decrease of hydrogen influx i.e. 
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the radiation losses from the 
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in the Fig. 7). 
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aneously (as shown in Fig 2) but just with LHH switch on.  

26 28 30 32 34 36 38
-20

0
20

-40
-20

0
20
40

-20
0

20
40
60

RF

ms

a.
 u

. 

θ=2300, HFS N~
e (r=76mm)

a.
 u

. E~
θ
 (r=76mm)

a.
 u

. 

N~
e (r=76mm)

Γ~
r
 (r=76mm)

θ=3100 LFS

θ=2300, HFS

Γr
~

Γr
~

 
FIG. 11 The poloidal electric field 
Eθ

~, density Ne
~ oscillations and 

the radial fluctuation induced flux 
Гr

~(t) (red lines) near of the LCFS



EX/P6-18 7 

3.2 Plasma core turbulence microwave diagnostics 
 
Suppression of the density turbulence at plasma periphery is also confirmed by microwave 
diagnostic’s measurements. The upper hybrid resonance (UHR) backscattering (BS) 
technique with of equatorial plane X-mode perpendicular probing from high magnetic field 

side [11] was used for investigating of the small-scale density 
turbulence at the FT-2 tokamak. This diagnostic is sensitive to 
fluctuations with radial wave numbers in a wide range qr > 2ki0 , 
where ki0  = 2πfi /c is a vacuum wave number of the wave with 
probing frequency fi . The UHR BS efficiency has a sharp 
maximum at qr = 2ki0(c /VTe)1/2, which corresponds to BS of the 
probing wave in its linear 
conversion point, where VTe is 
the electron thermal velocity. 
Typical UHR BS frequency 
spectrum (FIG. 11) was 
measured in ohmic regime 
before RF pulse at plasma 

periphery with the quadrature technique [12]. It consists of 
intensive low frequency (LF) part |Ω/2π| < 2 MHz and 
asymmetrical spectral wing at -6 dB power level for higher 
frequencies (HF) Ω/2π ≈ (-2..-6) MHz. The LF part has an 
approximately symmetrical form and relatively small 
Doppler frequency shift of 0.2-0.5 MHz. The spectral 
wing’s direction in the HF part corresponds to the electron 
qr – spectrum of turbulence in ohmic phase was investigate
[13]. The corresponding UHR BS spectrum Iqr,Ω in logarithm
FIG. 12. The radial wave number corresponding to the 
qr = 48±3 cm-1, while the wave numbers of the HF spectral w
75 cm-1. 
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It should be stressed that the behavior of the HF turbulence component, corresponding to 
higher wave numbers, is totally different from the LF signal dynamics (FIG. 13b). The area 

where the HF signal power is suppressed expands starting from 
the moment t = 31 ms from the very edge of the plasma to the 
inner regions. From t = 36.5 ms the HF signal become 
suppressed in the whole region which is accessible for the 
UHR BS measurements. Such puzzling signal’s behavior could 
be explained supposing that these high frequency and 
extremely small-scale fluctuations belong to the ETG-mode 
turbulence as it is seen in Fig. 15. 
The ETG-mode threshold 
condition [14] LT < 1.25 Ln , where 

LT (FIG. 15a) and Ln (FIG. 15b) are electron temperature and 
density scale lengths, was overcome only in the small area for 
r < 6.5 cm from t = 30 ms till t = 34 ms, exactly where the HF 
signal power growth was observable (FIG. 13b). Violation of the 
threshold criterion in remaining areas is well correlated with 
suppression of the HF signal. 

2 3 4 5 6

1

10 37 ms
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)
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36 ms

FIG. 14. Electron thermal 
conductivity profiles. 
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Summarizing results of the UHR BS measurements we would 
like to state that two components were observable in the signal 
that could be attributed to two different small-scale modes of 
drift turbulence. The first one, corresponding to density turbulence 
with frequency -2 MHz < Ω < 2 MHz and radial wave length 
Λr ≈ 0.13 cm is dominating in the signal and well correlated with 
an electron thermal conductivity level on plasma periphery. The amplitude of the second 
component, corresponding to fluctuations with Λr < 0.08 cm and -6 MHz < Ω < -2 MHz, 
experiences the significant growth when the ETG mode instability condition LT < 1.25 Ln is 
fulfilled, and is strongly suppressed in the opposite case. 
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FIG. 15. LT and Ln
evolutions. 

 
In conclusion we would like to underline, that the efficiency of the LH heating of the ion 
component at doubling RF power (PLHH ≈ 2POH = 180kW) remains the same high. The 
electron temperature rise is explained by the thermal conductivity decreases (see Fig. 14). The 
L – H transition with hydrogen recicling decrease and density turbulence suppression are 
observed and will be subject for next study. 
This work supported by NWO-RFBR 047.016.015, RFFR 04-02-16534, 05-02-17761, 05-02-16569 
and RF Schools grant 5149.2006.2 
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