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A) Introduction

B) Experimental set up and methods used for data processing operation

D)  Effect of LHW on main deuterium plasma parameters at <ne>= 1.6 1019 m-3

Conclusion.
1. In deuterium plasma experiments at the initial OH density <ne>= 1.6 1019 m-3 both the density and central Te(r = 0)

rise        (Te(0) increases from 550eV to 700eV) is observed during LHCD. It is accompanied by cooling of the plasma 
periphery.

2. According to the experimental data the threshold power for transition to improved core confinement  ∆PRF
th ≥ 63 kW 

3. FRTC and ASTRA codes modeling showed that ICC transition happens due to a strong reduction in the electron 
transport in the r < 3cm region resulting from broadening of the plasma current density profile. The magnetic shear “s”
vanishes, and the value of thermal diffusivity χeff decreases, which results in ICC.
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Development of quasi-stationary non-inductive plasma current drive methods in a tokamak is critically important for a 
thermonuclear reactor [1]. Current drive by lower hybrid waves (LHCD) is the most effective method to sustain and control 
the plasma current, which permits to obtain regimes with a decreased magnetic shear in the region of the power 
deposition and a local reduction of the thermal electron transport (ICC, ITB) in the low or negative shear regions [2, 3]. 
The reduction of the thermal diffusivity through the decrease of shear is accompanied by a strong central heating resulting 
in the high pressure gradient. 

In the present work the main attention is paid to the investigation of this effect on the FT-2 tokamak (R0=0.55 m, 
a=0.08 m, BT ≤ 3T, Ip=19÷40 kA, Δtpl = 50 ms, ΔtRF = (5÷10) ms, fo = 920МHz, PRF<200kW), where a large experience in 
the observation of plasma LH wave interaction has been accumulated and the long-continued experimental run on LHCD 
efficiency study has been realized [4, 5]. The characteristics of the plasma parameters changes during the LHCD 
experiment are analyzed and compared with data of other larger tokamaks. Effect of central electron heating at LHCD 
generation in deuterium plasma is observed. 

The goal of this paper is to quantify the reduction of anomalous electron transport and the link between the electron 
transport and the q-profile. The main experimental conditions and methods used in our analysis is described. 

Ipl = 19÷40kA, BT=2÷3T, R = 0.55m, aL = 0.08m, qL = 4÷6, Δtpl = 50ms. Two waveguide grill 
antenna, PRF = 50÷200kW, f 0= 920MHz, ∆tRF = (5÷15)ms

 

 

Fig. 1 The LHCD effect manifests 
itself in the reduction of the loop 
voltage by the value ΔUpl, which is 
proportional to the generated 

current IRF = (ΔUpl/UOH) Ipl.

C) Comparison of the LHCD efficiency with the data obtained in others larger 
tokamaks

Multi-Pass Intra-Cavity Thompson Scattering Laser (TS), Neutral Particle Analyzer (NPA), HXR and SXR radiation, 
spectroscopic and bolometric diagnostics are used for measurements of experimental data. 

The increase of the central electron temperature Te(r = 0 cm) up to 700eV is accompanied by cooling of the 
plasma periphery and by the rise of the density and broadening of the density profiles. This effect could not be 
explained by increase of working gas or impurity recycling because, as one can see in Figures 7 and 10, the Dβ line 
intensity and radiation losses during RF pulse is not changed appreciably. 

The density rise could be explained by transition to improved core confinement of particles during RF pulse. The 
same mechanism can explain observed spontaneous rise at ∆PRF ≈ 63 kW of the central electron temperature Te(0)
because heating of bulk plasma electrons during RF pulse (∆tRF = 6ms) could not be described by collisions with LHW 
generated superthermal and runaway electrons with 200keV÷1MeV energy due to the characteristic thermalization 
time tE ≈ 100 ÷ 200 ms >> ∆tRF. 

∆PRF=P inp-P ref

-12 -8 -4 0 4 8 12
0.00

0.04

0.08

0.12

P
(N

z)

N
z

 /2 n=30

 /2 n=30

 n=30

Fig. 3. Spectrum P(Nz) of the excited LH 
waves  f0 = 920MHz was determined using 
the GRILL3D code. “n” is the number of 
the bellows zigs, which were taken into 
account as additional passive waveguides

2). The Fast Ray Tracing Code  (FRTC) [8] modeling revealed the important role of the synergetic 
effect caused by the interaction of different spectral components of the excited RF waves for 
bridging the spectral gap. For the central electron temperature Te(0) ~ 0.5 keV, an LH wave with 
the slowing down factor Nz = –1.7 efficiently drives the current only in the presence of even slower 
waves with Nz = –9..    

Fig. 9. Evolution of the plasma density ne(r) and temperature 
radial profiles Te(r) measured by TS diagnostics.

Fig. 10. Evolution of the radiation losses Prad(r) measured 
by scan pyroelectric bolometer .

Fig. 11. Radial profiles of LH current drive JRF, MA/m2 calculated for deuterium plasma 
using the FRTC code for Ipl= 30 kA and two values of the plasma density <ne>. The 
integral values of IRF are designated.

E) FRTC and ASTRA code modeling

1). Using FRTC code with allowance for the calculated by GRiLL3D code [6] spectrum P(Nz) (Fig. 3) of the excited LH waves and the 
measured plasma parameters, we found the value and direction of LHCD (Fig. 11). The ohmic electric field and the action of LHCD on the 
equilibrium plasma parameters were not taken into account in these calculations

Fig. 12. Variation of Zeff during the RF pulse and 
comparison of the Uexp(t) and ASTRA simulated 
Usimul(t). The values of Ipl, calculated as a sum of
LH current IRFand residual ohmic current IOH, (Ipl = 
IRF + IOH).

Fig. 13. Shape of the calculated current density 
profiles, where summary 
Jsum(r,t = 34ms) = JRF(r, t = 34ms) + Joh(r, 
t = 34ms). The magnetic shear “s” for two 
moments: OH(30ms) and RF (34ms).

Fig. 14. The profiles of χe, eff and 
POH for OH and LH CD moments

Broadening of the plasma current profile by noninductive LHCD results in flattening of the safety factor q -profile in the plasma 
column center. As the result, the magnetic shear s = (r/q)(dq/dr) slightly out of the center at r ≈ 2cm became low, or even negative. 

In such a case in LHCD experiment at Tore Supra the transport code (where the electron transport was described by the mixed 
Bohm and gyro-Bohm model  [9]) 

predicts a reduction of the transport at s ≈ 0, [2, 3]. Following this model one can propose, that the increase of Te inside r < 3cm 
(despite the decrease of ohmic heating power POH at t = 34ms) happens due to the strong reduction of the electron transport in this 
region where the magnetic shear vanishes, and the value of thermal diffusivity χe,eff remains significantly below the ohmic level .
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Fig. 2. Design of the two waveguide antenna for 
excitation of LH waves (all dimensions are given in cm): 
(1) antenna waveguide for excitation of LH waves, (2, 
3) horns for microwave plasma probing, (4) poloidal
diaphragm, and (5) diagnostic window

In spite of small dimensions of the FT-2 tokamak and comparatively modest plasma parameters the functional 
dependence and values of efficiency ηCD = IRF

N <ne> and IRF
N = IRFR/PRF - normalized LH current drive  turned out to be 

close to those obtained in larger tokamaks [3, 7]. 
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Fig. 4 Efficiency ηCD = IRF
N <ne> for 

deuterium and hydrogen plasmas. 
Ipl = IRF + IOH = 35kA, <Te> =390eV 
and Zeff ≈ 2.
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Fig. 5. The relationship between IRF and ∆PRF measured at 
Ipl = 35kA and <ne>= 1.6 1019m-3 revealed the approximately 
linear relation IRF with ∆PRF (or IRF ~ ∆PRF

α, where α = 0.5 for 
deuterium plasma).

ηCD ≈ 0.4 1019Am-2W-1 for deuterium plasma at Ipl = 35kA, <Te>=390eV,  Zeff ≈ 2 for <ne> = (1.0 - 2.5) 1019m-3 density 
interval. This data correlates with the relation obtained for FTU, TS, JT-60, ASDEX and JET [3]. 

The relationship between IRF and ∆PRF=PRF inp - PRF refl measured at Ipl = 35kA and base OH density <ne>= 1.6 1019m-3

revealed the approximately linear relation IRF ~ ∆PRF. However, these data are in a good accordance with data obtained on 
[7] (for Tor Supra, JET, JT-60 and ASDEX) where IRF ~ PRF

0.65 is power function. Fig. 5 shows our data in view of power 
function as IRF ~ ∆PRF

α also, where α = 0.5 for deuterium plasma (α = 0.69 for hydrogen plasma). The difference in α value 
for hydrogen and deuterium is specified, seemingly, by experimental inaccuracy. Integrally, efficiency ηCD in deuterium is 
higher than in hydrogen [5].
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Fig. 6, 7 and 8 demonstrate changes of the main plasma parameters which are produced by LHW interaction with 
hot deuterium plasma at the density <ne>= 1.6 1019 m-3 - the density, when effective LHCD is generated, the influence of
the parametric decay instabilities (PDI) effect is low and fast ion generation does not happen. 

Fig. 6 The variation of the  central electron 
density ne(x =1.5cm, y = 0 cm) (a) and 
temperature Te(x =1.5cm, y = 0 cm) (b) during 
RF pulse at different ∆PRF measured by laser TS 
diagnostics. UR – signal of the horizontal R –
detector.

Fig. 7 The waveforms of a typical high power 
LHW (∆PRF ≈ 63 kW) discharge: Ipl; Upl; HXR; 
MHD. Dβ and PRF . Moments of the TS 
measurements are marked by

Fig. 8 Effect delay of the high electron 
temperature mode on elongation of the RF 
pulse from 6ms to 8ms. MHD activity (m=2, 
n=1) and HXR signals rise after RF pulse are 
shifted also.

At threshold power ∆PRF
th ≈ 63 kW (PRF input = 100 kW) during RF pulse the electron temperature Te(x =1.5cm, 

y = 0 cm; t) increases from 550eV to 700eV. Equilibrium positions of the plasma column along the major radius R during 
RF power launched at both ∆PRF ≈ 55 kW and ∆PRF

th ≈ 63 kW are similar, which is illustrated in Fig. 6b by the UR signals 
of the plasma position.
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