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It has been recognized in recent years that e .m. waves in the lower hybrid 
(LH) frequency range can produce important effects when absorbed by plasma 
electrons like, for example , current generation , plasma heating and current 
profile modification . In these conditions the electron distribution function 
is not maxwellian but becomes enhanced at high energy depending on the power 
and phase velocity spectrum of the launched waves /1/. 

The aim of the present paper is to study the plasma-wave interaction by 
experimentally determining the f rac tional population of non-thermal elec
trons under different plasma conditions. The experiments were carried out on 
t he ASDEX divertor tokamak, wher e current drive and plasma heating can be 
s t udied up to an injected power of 1 MW at a frequency of 1.3 GHz. By chang
ing the relative phase between successive elements in an eight- waveguide 
grill , the shape of the N, index spectrum as well as its directionality can 
be controlled. 

Data on the fractional population nT of tail electrons were obtained from 
measurements of the intensity ratio of a dielectronically excited satellite 
line to the main resonance line of He- like titanium ions by means of high 
resolution X-ray spectroscopy /2/ . A detailed description of the experimen
tal apparatus and of the data analysis procedure can be found elsewhere /3/ . 

The results obtained in a current drive shot are compared in Fig . 1 with 
those obtained dur ing electron heating. The two discharges have the same 
toroidal magnetic field and plasma current ~nd nearly equal injected RF 
power (PRF " 800 kW) and elect ron density (ne ~ 1. 2 x 1Q13 cm- 3) . The shape 
of the launched spectrum is nearly identical in the two cases and is char
acterized by <N, > = 2. 

In the first case the plasma current is almost completely driven by the RF 
waves and the feedback system regulates the ohmic power transformer to keep 
the plasma current to the pre- injection value ; consequently the toroidal 
electric fie l d is strongly reduced and comes near to zero . In these 
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conditions a rough estimate of the fractional population of tail electrons 
can be obtained by assuming from quasi-linear theory that a unidirectional 
plateau is formed in the tor oi dal direction in the velocity space from a low 
value V1, a few times the thermal speed , up to a value V2 >> V1, determined 
by the accessibility condition (V2 ~ c/1.55 for the present case ). In this 
hypothesis the central current density is given by: 

V2 + V 1 ( ) 
jRF(O) • e 

2 
nRF 0 

where "RF(O) is the total density of RF-generated suprathermal electrons i n 
the plasma center. This expression can be compared with the value obtained 
by assuming the q val ue in t he plasma center close t o unit, as , deduced f rom 
Li-beam measurements /4/ : 

2 BT 
jRF(O) -~R 

when R, the plasma major radius, i s equal to 166 cm in ASDEX. When the value 
of t he central electron density (ne(O) = 1. 5 x 1013 cm-3) is taken into 
account we obtain for the current drive discha r ge nT(O) m 1 % in good agree
ment with data in Fig . 1. 

When we compare complete current drive with electron heating discharges we 
1 

find a considerable enhancement of the non-the rmal population in the latter 
case (Fig . 1). This could be explained by a better power absorption i n t he 
plasma , possibly due to smal l differences in the spectrum at high N.,. How
ever this should lead to an increase in the the rmal energy content in heat 
ing discharges which is not observed . 

Thus the higher content of non- thermal electrons in heating discharges seems 
to indicate that the tail extends to energies higher than in current drive 
discharges . However the minimum N., accessible to the plasma center is nearly 
the same i n the two cases and so the only possible explanation fo r the 
results i s that the toroidal electric field , which is nearly vanishing only 
in the curre nt drive case , i s effect i ve in accelerating the electron tail to 
higher energies . It is worth to note that in the heat ing discharges dis 
cussed here the val ue of t he electric field i s abou t 1.4 %of the critical 
runaway field. This r esul ts in a c r itical vel ocity of 0 . 56 c, which is lower 
t ha n the upper limi t of t he quasilinea r plateau, V2 • 0 . 62 c , as deduce d 
f r om access ibility condit ion . 

Hagne tic measur ement s a l so show t hat in the discharges considered here the 
plasma pressure becomes strongly anisotropic in the heating c a se while LH . 
current drive lead s to nearly isotropic heating (Fig . 2). The paral l el and 
perpendicular components of the plasma pressure were derived from three 
i ndependent measurements of Bp (diamagnetic beta) , B~qu + li/2 (B~qu 
equilibrium beta) and li /4/ . 

The influence of the shape of the N., spectrum on the non-thermal popul ation 
was also studied . A power scan with <N.,> = 2 and <N.,> • 4 , (Fig . 3) shows 
for bo th cases a near ly l i near dependence upon the injected power but faste r 
waves ar e more effective in generating fast electrons. This is in agreement 
with observed heating efficiency as well as with current drive experiment 
resul ts / 5/ . 
Also shown in Fig . 3 are t wo measurements taken during opposite current 
drive experiments . In this case the waves have t o push the electrons agains t 
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the a pplied toroidal field and consistently a lower number of tail electrons 
is observed. 

A density scan was also performed at a medium power level (PRF = 430 kW) . 
This is not enough to obtain complete current drive except at very low 
density. The results of the measurements are shown in Fig . 4. For ne ~ 1 x 
1013 cm-3 the loop voltage is nearly equal for current drive and heating 
discharges with <N.,> ~ 2. The different behaviour in the partial current 
drive and heating cannot be due to elec tric field effects and is not fully 
understood. We note, however, that in this experiment heating discharges 
have a higher electron temperature. 

At the highest density all the three spectra give nearly the same result. 
This corresponds to the point where the heating efficiency for the e l ectrons 
is j ust starting to deteriorate because of t he increasing ion a bsorpt ion 
/5/ . In these conditions we perfo rmed spa t iall y resolved measurements for 
two values of the injected power at <N, > = 2 (Fig . 5) : we obtained hollow 
profile, showing a lack of wave penetration to the plasma center. 

To check problem of wave accessibility t o the plasma center, <N,> = 4 spec
trum was studied in the same plasma conditions , although a t a r educed power 
level (PRF = 300 kW), and the nT profile was still found to be hollow. It 
can then be concluded that in the ion interaction regime the penetration of 
the waves to the plasma center is inhibi ted possibly due to the absorption 
by the plasma edge. 
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~The frac tional population of non-therma l electr ons i s plotted versus 
the plasma radius for current drive and electron heating discharges . 
The plasma parameters are: I = 300 kA , Br = 2.4 T . ne = 
1. 2 x 1013 cm-3 and Pap= soB kW. The launched spec trum has <N.,> = 2. 



0.06 
11 16173 

LHCD lrle • l lal01lcm·l t 

0.04 
p: ',j\ 0.02 

11 16799 

0.1 LHH lt\e•ll · I0°cm- 3) 

008 { ... ', ll: A~p 
I ' ' 0.06 I ... 
I '------, 

004 I 
I 
I 

OD2 I 
I 

11'16810 ,, ,, 
LHH 1~1 •2.6 · 1013<m'3 1 IJ 

0.06 I 
p~ 

0.04 

0.02 

\0 LS 2.0 

tlsl IPPJ·S(J.Q71·&6 

~ Increment of 8~ and Bli' 
for LHCD and LHH at low and hl gh 
elect r on density. 

~ LHCO 

\ 

t LHH(,.,. h2 

f LHH(f<\} •4 

.- s 

' ~4 I " 

{+ 

o.s ID \5 2D 2S 
ft.I IOucniJ) 

~ Densi ty scan for current drive 
with <N 01> • 2 and heating discharges 
with <N
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> = 2 and <N
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> = 4. Other 

plasma pa r ameters are : lp = 300 kA, 
Br • 2.2 T, PRF = 430 kW. Data refer 
to r = 11 cm. 
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~ Power scan for heating 
discharges with <N .. > = 2 and 
<N

01
> = 4 and for opposite cur

rent drive. Plasma parameters 
are: lp = 300 kA, Br = 2.2 T, 
ne= 1.0 x rol3 cm-3. 
Data refer to r = I I cm. 
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~ Profiles of the fractional 
popul ation of nonthermal electron 
for dischar ges near to the r egime 
of prevailing ion absorption . 
Plasma parameters are: lp = 300 kA, 
Br = 2. 2 T, ne • 2.6 x rol3 cm-3. 
The launched spect rum has <N01> = 2. 


