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ABSTRACT : The already obtained data on the Wega Tokamak by lower 
hybrid heating ( f = 500 MHz - P H F = 130 kW) are revisited 
in the light of recent theories on ion stochastic heating 
and quasi-linear electron Landau damping. I t 1s possible to 
correctly estimate with these theories the fast ion mean 
energy, the H.F. power density coupled to the ions and that 
coupled to the electrons. The values of the parallel index of 
of refraction, N,,, which are necessary to obtain a good 
quantitative agreement between experiment and theoreti^l 
estimates, are the same for the ions and for the electrons, 
even though at higher values than expected. 

RESUME : Les résultats obtenus précédemment avec le chauffage 
hybride (f = 500 MHz - P H F = 130 kW) sur Wega Tokamak 
avec un système de 2 boucles sont revus en utilisant des 
théories récentes sur le chauffage stochastique des ions 
et sur le chauffage quasi-linéaire des électrons par 
amortissement Landau. L'énergie moyenne des ions rapides, 
l'estimation de la puissance couplée aux ions et aux 
électrons sont très bien déduits & l'aide de ces théories. 
Les valeurs de l'Indice parallèle de réfraction, N,,, 
qu'il faut utiliser pour obtenir un bon accord quantitatif 
entre expérience et théorie, sont les mêmes pour les ions 
et pour les électrons, quoique supérieures S celles que 
l'on pouvait prévoir. 
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1- INTRODUCTION 

The interest in lower hybrid heating as a potential candidate for an 
additional heating method for a Tokamak-like reactor has initiated a very 
large amount of theoretical work and a somewhat smaller number of experiments. 

Most of the theoretical work deals with wave propagation into the plasma 
and the numerous linear, non-linear and quasi-linear physical processes in
volved in the interaction between plasma and lower hybrid waves. In contrast, 
few theoretical models are available concerning the plasma heating itself. 
Unfortunately, the experimental study of the wave propagation Is a very diffi
cult problem owing to the difficulty of directly measuring the RF fields in 
the plasma, and little experimental data is available (ref./l/ to / * / ) . 
However, theory and experiment may be compared indirectly by analysing the 
effect on the plasma, i.e. ion and electron heating. 

The difficulty in interpreting the data comes from the fact that ion and 
electron heating are not a consequence of wave propagation alone, but also of 
wave damping processes as well as plasma confinement. 

Lower hybrid heating experiments (ref. /5/ to /12/) have been mainly 
proof of principle experiments aimed at testing the basic features of lower 
hybrid heating. With one exception /12/,these experiments intended to operate 
so as to heat preferentially the ion population. In general, they have been 
successful in showing roughly that ion heating can reach values up to 1 to n -3 2 eV/KW (normalized to a plasma density of 10 cm ) and is optimal when the 
linear turning point is located near the plasma center. 

In fact efficient plasma heating is obtained only when the target plasma 
Is well confined. For Instance, the energetic ions which are produced during 
the wave plasma interaction, as will be discussed in this report, will transfer 
their energy to the bulk plasma only if they can be well confined by the po-
loldal field. Otherwise, these ions impinge on the wall thus increasing the 
impurity influx by sputtering or desorption instead of heating the plasma. 
Moreover, electron heating by the H.F. Is directly related to the electron 
confinement time. Therefore, the knowledge of the plasma confinement parameters 
is necessary in order to interpret the observed increase in plasma temperature 
In an H.F. heating experiment. 
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Such an attempt to link wave propagation, wave damping, plasma con
finement and lower hybrid heating data obtained in Wega is the purpose of 
this report. 

We will use here a linear theory for the wave propagation since the 
Wega launcher system has been operated with rather low RF fields, we will 
not take into account non linear effects such as ponderomotive forces /13/ 
and parametric decay /14/. 

Ion heating is expected to occur through ion cyclotron harmonic damping 
of lower hybrid waves at the wave conversion point.A model using fluid equa
tions as given by dispersion relation /15/, /16/ does not allow a ready eva
luation of the ion heating rate. One can proceed by analogy with the work of 
Stix /111 for ion cyclotron heating showing the formation of a pseudo-Maxwellian 
hot ion tail. The set of Fokker-Planck equations established by Stix can be 
used by substituting the appropriate harmonic for the cyclotron frequency.But 
such an evaluation is not yet available. 

By using numerical analysis of a single particle motion in a lower hybrid 
wave, different authors, ref./18/ to /21/,have shown the stochastic behaviour 
of ion heating owing to the non linear interaction of the resonances between 
the cyclotron motion and the wave. Such a stochastic effect may occur at the 
wave conversion point but also before this point if the field of the wave is 
high enough. Abe and Itatani have used a simulation code following the energy 
evolution of a great number of particles oscillating in the wave during many 
gyroperiods. The output of the code shows clearly a Maxwellian ion tail. For 
the conditions of the code, the tail mean energy was in the range of 5 to 12 
times the bulk ion temperature. Karney and Bers have also used a simulation 
code but they have also given analytical expressions for the dependence of 
the hot ion mean energy on the RF and plasma parameters. In this report we 
have made use of these analytical expressions which have been published recen
tly mi. 

This will be discussed in section 3 of this report. Since the energy is 
transferred from the wave to the bulk plasma via the creation of a fast ion 
population , we will then proceed to consider the creation of the fast ion 
population and its confinement and compare this with the experimental data. 



•5-

In this section we have also made use of the data obtained in other experiments 
than Wega since the creation of a fast ion tail is a common feature of all 
lower hybrid heating experiments. 

These considerations are followed by theoretical considerations on the 
bulk ion absorption in Wega and comparison with experimental data. 

Electron heating by Landau damping has been extensively discussed 1221. 
Here also, a more complete theory taking into account quasi-linear effects and 
plasma collisions has been published recently /24/. Elect» a heating in the 
Mega Tokamak is discussed in section 4 of this report. The electron behaviour 
is more difficult to describe in terms of energy balance. We will present in 
section 4-1 previously published data together with some unpublished data in 
order to extend the domain of comparison and to render plausible some of the 
hypotheses used to compute the HF power coupled to the electrons. In the section 
4-2 we recall some features of the quasi-linear theory and in section 4-3 we 
discuss the comparison between theory and experimental data. 

Since both theories, stochastic heating of ions and quasi-linear Landau 
damping of electrons were published after the shutdown of the Mega Tokamak 
experiment operated with a two loop system and publication of the experimental 
results /6/, it appears interesting to revisit the experimental data in the 
light of the new theoretical expressions. Wega data is suited for this compa
rison since it includes a reasonably complete energy balance during the HF. 
Such a comparison will , as will be seen below, permit explanation of some of 
the features of lower hybrid heating in Wega such as the large electro., heating, 
as large as 1 W/cm , or the behaviour of the ion heating which continually 
increases even though the accompanying density increase moves the resonant 
layer outward during the HF pulse. 

The main parameters of the Wega device and of the HF system are presented 
in section 2 of this report. 
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2- EXPERIMENTAL ARRANGEMENT 

We have used the data obtained on the Mega Tokamak experiment with 

the two loop coupler sketched in fig. 1. These data have been reported in 

many publications and the reader can refer to them for more details 

(ref. /25/ to /30/). Me just recall in table I the main parameters of the 

Wega experiment. These parameters together with the HF parameters are 

such that ion heating should be the dominant process. This is shown by 

computing the values corresponding to the wave conversion point. We 

have used the well known warm plasma electromagnetic dispersion relation : 

with 6= flL* PS-A/ft f+S) (i) 

where R.L.P and S follow the normal notation of Stix / 31 / and are defined 
as follows : 

<f.-2 
i 

6= 2Sx (tfi-i—tUj-t)) 
tut ' 

Y: £«. <=£ 1 Î f^if 
*™r. o»t impirlKtt fit V "*j / 

< : ï t .•*—..- 2—' f~. I . nij being the main ion species 

« s . " » * ' 

? : 

In practical units, x and y can be expressed as : 

111 fk? 
(to tm , GHt , "Ss /". ^ 
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Ai being the atomic mass number. At the linear turning point 2 C can be neglected and eq (1) reduces to a quadratic equation for N^. . 
The linear turning point occurs when the roots of the above equation 
are equal : 

5 - 4 * 6 = 0 
(2) 

The corresponding values of the indices of refraction are given by : 

(ere) 3l&x(Y*dly*) 

In fig.2 we have plotted the density corresponding to the linear 
turning point as a function of the electron temperature for the Wega 
parameters (D 2 plasma, Te/Ti = 4, Z ^ = 2 assuming that fully ionized 
oxygen is the dominant impurity. It is seen that the wave conversion 
point is in the plasma center for T = 500eV,n =1.75 10 cm and N.. = 3. 

The accessibility condition is given by : 

For Wega parameters this value ranges from 1.5 to 1.9. 

We have also plotted in fig.3 the density corresponding to the 
turning point as a function of the toroidal magnetic field for different 
values of N,. together with the value corresponding to the lower hybrid 
frequency. On the same figure, we have also plotted the measured plasma 
density profiles at the start, in the middle and at the end of the HF pulse. 
In addition we have indicated the accessibility condition given above by the 
dotted curves which represent the density for constant N,, ace. 

It can then be seen that for Wega parameters, the value of N,, ace.1s 
around 1.6 at the KF start and reaches values of 1.9 at the end of the HF 
pulse. In order to situate the domain of operation for Wega, the Murakami 
type density limit /32/ is plotted for our typical safety factor q(a) of 4.5. 
The density is close to this limit at the end of the HF. 
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Fig.4 shows the wave spectrum launched by the two loop system loca
ted in the equatorial plane, which has been computed usinq a Fourier analysis 
parallel to 8 and taking into account the surface impedance of the plasma, 
but ignoring the finite height of the loops as well as higher modes. We will 
then assume that the average parallel index of the wave is around 3 even though 
the real wave spectrum has not been measured. In that case ion heating at the 
wave conversion point will be more likely to occur than electron Landau 
damping, since the latter is maximum when 

M = constant ( k „, 

where the constant is approximately equal to 4 in a linear theory but may reach 
values in the range of 6 to 7 when quasi linear effects are included. This will 
be discussed later. Then for T • 500eV, electron Landau damping conditions are 
obtained for H,. ranging from 6 (classical) to H..*/9 (quasilinear). It is to 
be noted that the wave spectrum is rather broad which is typical for a two-
element coupler. 

3- ION HEATING 

The energy source for ion heating is the radial electric field of the 
RF wave. Under the influence of this field, the perpendicular energy of the 
ion interacting with ihe wave increases by a large amount, generally much 
higher than the ion thermal energy. This results in the creation of a fast 
ion tail in the ion energy spectrum which is a common feature 1n almost all 
the lower hybrid experiments. As an example, the ion energy spectrum as 
deduced from the perpendicular charge exchange analysis of the emitted neutrals 
is shown in fig.5. The spectrum of these high energy ion tails seems to be 
Maxwellian with "mean energy" ranging from a few hundred eV to a few keV. 
These ions have been located close to the turning point location in the two 
experiments which have attempted a radial scan, namely FT1 /10/ and JFT2 /8/. 
Moreover, in the Uega Stellarator /33/, a fast ion tail has also been observed 
in the tangential direction i.e. with an angle lying between 43" and 0° with 
the magnetic axis. The most interesting feature of this observation is the 
fact that the hot ion temperature was proportional to the plasma density. 
This indicates that their confinement was good enough to allow them to pitch-
angle scatter some 10° to 20° on average, giving the observed "mean energy" 
dependence on density in the tangential direction. 
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The location of these fast ions within the plasma is confirmed by the 
neutron production in Alcator A /12/ which has been clearly located at the 
plasma center. The correlation between fast ions and neutron production is 
shown by the fast increase of the neutron rate with the plasma current since 
high energy ions with perpendicular energy are mainly confined by the poloidal 

field. In the Uega experiment, several experimental indications led to the 
conclusion that the fast Ions were lost in the scrape off layer, consistent 
with the fact that they are expected to be poorly confined in Wega as will be 
shown later. 

In the f irst subsection we will try to relate the theory with the ob
served hot ion mean energies. In the second part, we discuss the heating of 
the bulk plasma produced via collisions between the hot ion tail and the ion 
or electron population. Collisions will be effective only i f the high energy 
ions can be confined by the configuration. In the third subsection we will 
compare the theoretical estimate of the bulk ion heating with the experimental 
data. 

3-1- i§IIMAI|.gF.THE.HOT.ION.TEHPERATtJRE 

We will use here the theory developed by Karney /22/ since this theory 
can be considered a generalisation of the linear damping occurring to the ions 
travelling in a wave whose frequency is an exact multiple of the ion cyclotron 
frequency. In the model of Karney the ion motion becomes stochastic due to be 
non linear interaction of the resonances between the cyclotron motion and the 
wave. I f the interacting RF field is high enough, the ion forgets its phase 
relative to the wave during a cyclotron period. Here the stochasticity of the 
motion in a large coherent wave is the only mechanism which is used for des
troying phase coherence. Then, the ion will experience kicks, when i t passes 
through the wave particle resonance points, i .e .w = kv where k is the wave 
vector. 

The threshold condition for the appearance of stochastic heating is 
given by Karney as : 

u 

£t . A f-Aù.) j*3_ (5) 
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where : 

SI • 1s the ion-cyclotron frequency 

Hi the perpendicular wave-vector 

E t the perpendicular component of the wave-electric fisld 

B the toroidal magnetic field. 

In practical units, we have : 

Ft.4gg 6 ' - (kV/cm, Tesla, GHz) (6) 

NLbeing the perpendicular wavenumber. 

The estimate of the R.F. electric field within the plasma is a 
difficult problem and has nut been attempted by us . At the plasma periphery, 
we obtain \ b y solving the exact dispersion relation given gy Stix /15/ in the 
"cold plasma electrostatic approximation" which is probably correct at the 
plasma edge. The result of this estimate is snown in fig.6 where Nj_and E t are 
plotted as a function of the radius /34/. The wave is taken to be launched at 
r = 16cm and the scrape off density is approximated by : 

with n. = 2.1012cm"3 and L = 1cm 
a o 

as suggested by probe measurements /35/. The stochastic threshold so found has 
to be compared with the estimated electric field which is taken to be : 

E = 2 kV/cm for P H F = 130 kW. 

When the temperature increases, the cold plasma approximation Is no 
longer valid and an exact estimate has to take into account the plasma tem
perature effects, the electromagnetic coupling in the dispersion equations, 
the dilution of the resonance cones and moreover the damping of the wave by 
the plasma, as well as the exact structure of the fields produced by the loop. 
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Ue can also estimate the stochastic threshold at the wave conversion point 
where some approximations can be made. From eq.3 , by neglecting the electro
magnetic term, the ratio between the perpendicular phase velocity and the ion 
thermal velocity can be written as ; 

T S V * 7 * 

actical units 

_i£_ . s « U* A. If tfH £ )*_2L, (tV, 6ft, TSifc. ) 

i then be written as : 

or in practical units (7) 

(8) 

(kV/cm, eV, GHz) 

I t is thus possible to relate E t to the value of N,, at the launcher mouth. 

We have plotted in f ig.7 the values of E t as a function of N,, for different 

values of T^. For wega (N,, = 3 — 2 4) , E t is found to be 0.5 kV/cm, a value 

below even the estimated f ie ld at 1the launcher, which increases on penetrating 
into the plasma. Hence, we may reasonably assume that the electric f ields in 
the Wega experiment are well above the stochasticity threshold. 

For the case where the RF f ie ld is higner than this threshold , Karney gives 
an expression for the mean energy of the hot ion t a i l . Me recall here the model 
that Karney used. A diffusion coefficient due to the lower hybrid wave is es
timated. The effect of the spatial non uniformity of the wave is modeled by 
introducing a geometrical factor ^ in the value of the diffusion coefficient. 
Collisions are then included in a one dimensional Fokker-Planck equation : 

2 T i 
nthere v%. = •—-, 0 is the diffusion term and C is a coll ision term such as : 

ft < 1 
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whereâ stands for all the colliding species and"? are the collision frequencies. 

The role of collisions is twofold. First, the diffusion coefficient 
can be modified because collisions can decorrelate the ion motion and the 
wave. Secondly, the bulk plasma and the hot ion tail are coupled through 
collisions permitting the wave energy stored by the ion tail to be transferred 
to the bulk . This transfer is also necessary to permit further energy in
take by the fast ion ta i l . The ion tail energy will be transferred preferen
tial ly to the ion population i f the hot ion energy is not too large compared 
with the bulk ion temperature/T7/. 

After some approximation, an analytical steady state solution of the 

Fokker-Planck equation has been found : 

F = FQ exp 

V \'\. 
1+D/C 

- dvx (10) 

where F is such that 

fariï FV-iç -d 

Here C is taken to be 

0 **LW **J 
2, " i , . 1 * 

In practical units : 

where ^ r —ii—— ha , being the Coulomb logarithm («15). 

l " a Or / " " -«£ i : 3.16 Jo 

and % z u £ 3 Z i

u f ~£ ) h 

If the particle velocity is larger than v , most of the energy will be 

transferred to the electrons. The ion tail energy will be transferred to the ions 

in the opposite case (v = 7 v t 1 for the deuterium). 

Equation (9) can be considered as a Maxwellian with a temperature (1+ ̂  T^) 

which is a function of vj.. 



-13-

It is found that in the range of velocity space between Vj_ = -=- and v , 
D/C is roughly constant and the tail mean energy is given by : 

T*. &,!*£[ (12) 

where T- is the bulk ion temperature, and -r the geometrical factor ex
pressing the ratio between the time during which the ion orbit l ies in the 
RF wave as compared to the bounce time • Eq.(12) is expressed in terms 
of physical quantities : 

- the ratio of the average wave energy density/l icyjto the ion thermal energy 
density ( f n, T.) 

- the ratio of the wave frequency to the coll ision frequency 
- the rat io of the thermal ion velocity to the perpendicular phase velocity. 

In order to use Eq.(12) for the ion ta i l mean energy estimate, the lack 
of experimental measurements precludes precise knowledge of the RF electr ic 
f i e l d , i ts extension f and the perpendicular phase velocity. Forjf , Karney 
uses the following expression : 

Y-— , — 
(13) 

where Az and At are respectively the poloidal and the radial extension of 
the wave (for instance the extent of the resonance cones i f they exist) and 
R the major radius. We can relate the RF f ie ld in the plasma to the RF f ie ld 
at the launcher, E .which can be in principle measured, through a factor K, 
which has to be determined. This1 factor expresses also the uncertainty in the 
estimate o f y . The perpendicular phase velocity can also be expressed by 
comparison with i ts value at the turning point : 

E = K, E„ (14) 

= 2̂ M/—' ' M r p 
£ v t1 T.P. £ '-p-
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Then, Eq.(12) can be rewritten as : 

r ^ / « i 4? <*£* 2 „Z 1 -r 

* [ J^-ï -4* J 
(15) 

where ?rc 1 S estimated from Eq.(7) 

In practical units, we have: 

(16) 

(eV, GHz, Tesla, 1 0 1 3 cm" 3, kV/cm) 

the factor K being defined as : 

/EV2 , « .3 . „ 2 3 (17) 
« - © z < 4 J ) 3 • ^ ^ 3 

Me have tried to document Eq.(17) with the experimental data obtained 
in Wega, ATC, JFT2, FTl and Petula experiments from ref. IS/ to /10/ and from 
various private communications. The relevant parameters are l isted in Table 
I I . The comparison between these experiments is jus t i f ied by the fact that 
their plasma parameters are adjusted in order to have the turning point 
close to the plasma center. In Fig.8 we have plotted the experimental ion 
t a i l mean energy as a function of the applied RF power. In Wega where the 
same launcher has been used with approximately the same target plasma, the 
ion ta i l mean energy is exactly proportional to the RF power as expected 
from Eq.(15), i f T^/Tj is large enough, with the following relationship : 

T i h / P H.F . = n ' 6 teV/MM ( 1 8 ) 

More surprising is the fact that the tail mean energy obtained in the other 

experiments are very well fitted by the linear expression (18). This seems 

to indicate that one of the dominant parameter in Eq.(16) is the RF field 

and that the other parameters are less important. We have then tried to 

go further with these data and to estimate the RF parameters involved in 

Eq.(12). 



-15-

In table III we have estimated y by assuming that & t H s equal to ^ 4 
as Karney did in his examples. The value for the RF field at the launcher, 
E , has been taken either from references or computed assuming a standing 
wave ratio of 2, i.e. a reflection coefficient of 10 %. The value given for 
Wega has been tentatively estimated by taking into account the specific 
geometry of the launcher. The ion density has been estimated from Z ,-
assuming that oxygen was the only impurity. 

The values of the parameter K as deduced from the experimental data 
are indicated in table III. These values are very similar with the exception 
of two experiments : FT1 and Petula I /36/. The parameter K indicates the 
experimental uncertainty in the estimation of the HF electric field in the 
plasma ( parameter K,) and in the location of the fast ion production (pa
rameter Kp) as well as the uncertainty in the geometrical extent of the 
wave-ion interaction (parameter^). It is noted that the values of K are of 
order unity which indicates that these uncertainties are not so large. In 
order to show the range of variation of these parameters, we have plotted 2 3 in fig.9, the parameters Kg and S = K, S, p versus Kj assuming for K(K= X 1 Kg") 
the value found from Wega data. If we suppose that the fast ions are 
created at the turning point, i.e. K, = 1, the corresponding HF field in 
the plasma would be 2/3 of its value at the launcher. 

Assuming K, to be equal to 1, we have indicated in table III the values 
of K- as deduced from the experimental data. This is illustrated by fig.10 
where we have plotted the values of the hot ion mean energy computed from 
Eq(16) against the experimental values. We have assumed that ^ is given 
by Eq.(13) and K has the value found in Mega. With two exceptions, FT1 and 
Petula 1, where there is a factor of 2 between computed and experimental 
values, the agreement is rather good. Me can then conclude that Eq.(16) gives 
at least a correct order of magnitude for the hot ion tail mean energy. 

In the light of Eq(16), it seems remarkable that the observed hot ion 
fluxes are constant during the HF heating(fig.ll), even though both the 
density and the Ion temperature double. To explain this fact, we use a series 
of shots for which the profiles are well-established. The hot ion mean energy 
Is assumed to be 1.5 keV, which was the value normally observed in perpendi
cular charge exchange analysis for plasma parameters listed in table IV. 
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We assumed that the wave damping takes place at the turning point. 
Since the hot ion flux depends mainly on the ion density and on the hot ion 
mean energy, we have estimated these plasma parameters at the turning point 
corresponding to the HF start, to the start of the sawteeth and to the HF 
end(table IV). Z .«is assumed to have the same value at the turning point 
as at the plasma center. With these plasma parameters(n., T., T ) , we can 
estimate the ion tall mean energy from Eq.(16) by assuming for K its value 
at the HF start and by computing S T „ from Eq(7). I t is found that the ion 

13 -3" density varies from 1.8 to 2 10 cm and that T-u varies from 1.5 to 1.7 keV. 
The constancy of the hot ion fluxes during the HF is therefore well explained 
by £q.(16) and by assuming that the wave plasma interaction occurs at the 
turning point. 

3.2 - CONFINEMENT OF FAST IONS 

3.2.1 - Qrbit.çalçulations 

The fast ion tail produced by the RF fields is generally consi
dered to be generated in the perpendicular direction only. Since the 
measured fast ion energies tend, experimentally, to be many times the bulk 
energy, we may consider the fast ions to possess, at their point of creation, 
perpendicular energy only. This Implies that the point of the creation is the 
turning point in R of the particle orbit 1n the Tokamak, i.e.the particles 
are-either barely circulating or trapped. 

We have neglected here the magnetic field ripple which, in the case of 
the Wega device, is of the order of 5 10 . This low value comes from the 
fact that the toroidal field Is produced by 40 coils. Then, in axisymetrlc 
geometry, the orbit is deduced from the conservation of canonical angular 
momentum in the Y direction,/37/ : 

K f f » ^ < - t f y ) : c.nsraMf- (19) 
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This expression is rewritten using the poloidal flux funct1on(magnetic 

surfaces )S* and the conservation of energy and magnetic moment of the 

particle as : 

t*îZ*RfïZ> U-Jk.â - censhn/- (20) 

Where ri^irflnfy , i is the energy of the part ic le, andyfc=S is the magnetic 
moment, the difference between the direction parallel to the magnetic f ie ld 
and the V direction is ignored(angle e r r o r / v i / £ • ) i ) . 

In toroidal coordinates, using also the 1/R dependence of the toroidal f ie ld 

B %\ 
R 

We have : , 2 1 > 

We now le t ( r T l 6V) be the coordinates of the reflection point of the part ic le. 
We choose this quantity to characterise the orbit because, at the turning 
point, the particle has only perpendicular energy and therefore, as mentionned 
above the turning point is the point of creation of the RF produced fast 
ion. Furthermore, we consider only the lowest order of the aspect ratio 
expansion, i .e. f(rfi):%(')ïs a function of r only. Then the orbit is given 
by : 

« ( f(r) -*(rT)) i ZvK, izZl fj~ ^ e - S c w E V = 0 (22) 

Using the definitions : 

(23) 
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(i.e. is the flux between particle orbit and the edge expressed as the 
fraction of the total flux (1) = 0, (o)'• 1), the orbit equation becomes : 

$(« . ) -§w = ± H y ^ ; (24) 

Where the + sign refers to the orbit segment inside the surface containing 
the reflection point, and the - sign corresponds to the orbit segment between 
the reflection point and the plasma edge.The dimension!ess constant H is jiven 
by : 

H = Z"^>'f*~Z *h (25) 
a. f H-W - *(*)) 

To be just lost , the point x = + 1 ($(«)= 0) must l i e on the outside part of 
the orbi t . Hence, a l l particles are lost for which, from (38) 

H> 
$ K ) (26) 

y^_ u.rtoi'&r 
which relates the energy of the fast ions with their point of creation. 

In order to establish l imits to this energy due to changes in the 
current distr ibut ion, we consider that the current density is constant 
with two distributions : 

- the f la t tes t , in which the current is distributed equally over r< a 

- the most peaked, in which al l the current is concentrated, inside the 
ei = 1 surface. 

The lat ter is the most peaked distribution possible in a Tokamak, i .e. 
the distribution having the largest poloidal f ie ld everywhere and hence the 
smallest particle excursions. I f we define the radius of the current d i s t r i 
bution as b, then; 

2L W (27) 

w 
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All other non-hollow current distributions will l ie between these two. 

For a current distribution at constant current density up to radius 
b, and zero outside this radius, /38/ , we have : 

$ - 4 ^(^¥) for r > W < 2 8 ) 

* -e* a * *. 

Hence, from Eqs.(25), (26), (28), the largest energy st i l l confined 
for a particle starting out at r_,B , is : 

£fc,9r): kfc) 
where 

W- r/acosb (29) 

with 

Ut- £ 
a. 

When the current is expressed in kA, the energy in keV, we have : 

The radius of the most peaked current distribution is given by : 

- 5 - - J \ (cm, kA, Tesla) (31) 
IT 50B a£ 

E b is the largest energy still confined for a particle that starts out at 
$ . *K, i.e. on the inside of the magnetic surface. 

(30) 
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The function h (r-) is plotted as function of r-/a in fig.12 for various 

values of the current distribution radius b/a. The lowest curve for the 

most peaked current distribution is found by choosing b/a corresponding to (31) 

The vertical scale may be converted to energy for any device according to (30). 

' The dependence of the position of the creation point on the magnetic 

surface is shown in fig.13, showing, as expected that particles created on the 

Inside (9 = T , V/2) are the worst confined, while particles starting on the 
outside (8 =0°) are the best confined. The best creation point is therefore 

not the center, but 9 - 0°, r/a îi 1/4, from this point of view. 

3.2.2 - En§r^_çonfinement_of_t(ie_hig!3_energY_ign_tail 

In order to estimate the energy confinement of the hot ion t a i l , we will 
assume a Haxwellian distribution : 

N(E):±. £ <*{-£) (32) 
fir %v* r ' %l 

in which T i h is the ion tail mean energy. 
I f Efcis the maximum energy for which an ion created at the point r, 6 can be 
confined, we can define a "confinement efficiency" as : 

. , f^JLE. £. tltt) 
yfcQ); A _ 
( J rUf.g.fa) (33) 

/» 
Efa is estimated from Eq.(29). Then, the part of the hot ion energy which is 

directly lost to the well is equal to l-*9. In the following, we will estimate 
these efficiencies for : 

R = 72 cm, a * 15 cm, B = 15 KG, I = 50 kA, T i h = 1.5 keV. 

The vertical scale of fig.12 has been converted to energy according to Eq.(30) 

Eb (r) = 11.58 h (r) (keV) 
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The dependence of the confinement on the plasma current is illus
trated by fig.14 where we have plotted the dependence of E b at mid radius 
(E(0.5,ir) ) with I , assuming the flattest current distribution. 

In order to illustrate the fact that the particles created in the 
inner part of the torus are the worst confined, we have drawn "iso-loss" 
curves, i.e. the curves for which"jr(r,fr) = c-..In fig.15 are sketched 
iso-loss curves for the flattest current distribution and for the most 
peaked current distribution. In Wega, a parabolic profile for T corresponds 
approximately to b - 0.75 i.e. a constant current density over a radius of 
0.75 a. For that case we have plotted on fig.16 the "iso-loss" curves 
corresponding to Wega together with the ray tracing of the lower hybrid 
curves for conditions corresponding at the HF start and at the HF end. The 
resonance cones have been calculated in the electrostatic approximation 
assuming "warm" plasma conditions /39/. 

It can be seen that at the HF start, the turning point is located 
very close to the plasma center for N ranging between 2 and 5. At the 
HF end, the turning point is located at the mid radius, as assumed in 
Table IV, due to the density increase. For that case, the confinement 
efficiency is 30 %. At the HF start, we cannot deduce the efficiency from 
fig.16 since we do not know the point of wave absorption. 

Therefore , we have integrated y{r,d) over & in order to see the 
Influence of the different plasma parameters : 

ig Jo 

This integrated quantity is plotted in fig.17 as a function of the radius for 
various current profiles, and shows confinement better than 50 % for creation 
points in the inner half of the plasma. 
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3.3 - BULK PLASMA HEATING 

The observed bulk plasma heating has already been described 1n / 6 / . 
We just recall here the time evolution of the increase of T. at the plasma 
center from parallel charge exchange measurements(fig.l8) and of the power 
coupled to the ions by the HF. This power is given directly at the HF start 
and at the HF end by the change in the time derivative of the central ion 
energy density A - â ( n.. Tj) since the HF pulse is turned on and off rapidly. 
In between, the coupled power has been calculated assuming the losses follow 
neoclassical plateau regime scaling with q(o) = 0.85. 

From ref./22/ the power dissipated by the fast ion tail in the steady 
state is given by : 

(35) 

given by : 
This power is divided between electrons and ions. The ion part,p.,is 

*~ * 4 j c+s> 
(36) 

v 

C. being the first term in Eq (11). For the Hega case 
\ « v n , the main part of the power goes to the ions. When the stochastic * * • • > ' o 

plateau is formed, i.e. the HF diffusion term is not equal to zero for 
v, < v 1 < v 2 and is much higher than the collision term C. By taking 0 such 
that : 

.1. 

I * * 
C£* (37) 

Karney finds that bean be written as : 
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The second term in brackets represents the power transferred to the 
electrons. This stochastic plateau regime applies to Uega parameters.Then 
Eq.(38) can be rewritten as : 

fL-iM-jth-i)*.^.*) (39) 

(eV/cm"3,ci)f3,eV} 

With 

where v^, and v^2 are the perpendicular phase velocities corresponding to 

the plateau limits. 

The numerical factor in Eq.(39) takes into account the difference 

between the analytical expression found by Kamey and the numerical estimation 

done in the same reference (by a factor of 0.76). 

The factor se, expresses the width of the plateau which takes into 
account the trapping velocity of a particle by the wave field : 

'[apt] 
1/2 

(40) 

If the trapping is small enough,«<1 is equal to : 

1 v«fl Ni2 

In practical units, Eq.(40) can be written at the turning point as 

% 
(eV, GHz, kV/cm) (42) 
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If we assume for E the field at the launcher,we find for the Mega 
case : 

vtr " °- 5 vti 
value which has to be compared with v f i . From Eq.(7), v y j L at the turning 
point ranges approximately from (8 v t i ) for N., = 2 to (4 vt1-) for N.. . 8 

In all cases v t is ne gligible compared to v. 

The estimation of v r i and N « , the upper limit of the power spectrum, 
is rather difficult. Its value can be considered to correspond to the highest 
value at which significative power is radiated by the launcher. The width 
of the plateau, **, can be estimated to be the range of the Nj. values which 
may exist. The Nj. values are plotted as a function of N,, in fig.19 for 
which the "warm" plasma approximation has been used /39/. From this figure, 
oC-, can be estimated to range between 2 and 4. 

To compare the experiments with Eq.{39) directly is difficult because 
of the uncertainty in the estimated values of of. and 6.... Instead, we shall 
attempt to use this equation to determine experimentally the quantity : 

/*" <*i 1) S n e x p ( - 6 1 1
2 / 2 ) (43) 

Fig,20 a plot of the measured |> L against the square of the central ion 
density, exhibits a linear dependence as expected i f the quantity u. is 
constant. 

We have plotted in fig.21 computed versus experimental values of PuF . 
for three values of it.. The best f i t is found for *- = 7.10 . 

In fig.3ia.the values of S^ are plotted as a function of*., for the 
above value of i t , For«t= 2, S^4 = 3.5 and for «4=4, Ç , 4 « 3.85. Therefore, 
eventhough the range of estimated « . is rather large,S ^ varies very l i t t l e , 
as expected once i t appears in the exponent. 

This is illustrated in fig.lit where we have plotted the time variation 
of Si-, from the experimental data for two values o f * , = 2 and 4- Ue have also 
plotted the time variation of the N , / 1 values which can be deduced from 6 ^ 
according to Eq.16, i.e. corresponding to the turning point. I t is seen that 
both values vary l i t t le showing only a slight decrease during the HF pulse. 

http://fig.3ia.the
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The stochastic plateau would thus correspond at the HF start to : 

and 

1.9 < N ^ C 8.9 for of. = 4 

3.7< H//< 7.5 forte f = 2 

The spectrum of the Wega two-loop coupler as shown in f ig.4 ranges from 
N, , = 2 to N,, = 6. We have to recall here that this spectrum is idealized 
since many features of the coupler such as the coaxial feeders have been 
neglected, and the emitted spectra in the Wega plasma have not been measured. 

Eq.39 giving the power transferred to the bulk population is only 
valid at the steady state. The time scale for particles to collisionally 
f i l l in the plateau is given by : 

1 *?*' , (44) 

With -?p = 3.10 s, Z is equal to 5.7 ms fortf^ = 4 and $ n = 3.85 and to 
1.4 ms for of. = 2 and ^ . E 3.5. These times appear rather long as compared 
to the experimental time: scales and the value of pur have to be corrected 
by a factor of about 0.7. But we must probably compare the experimental times 
with the characteristic time at which the power is dissipated by the wave : 

T D = ( V 2 - V l ) 2 / ° ( 4 5 > 

assuming ; 

0 = 1.5 v*. • * " 
t l 0 

we have : 

which gives : 

X . = 3 ms for «C • 4 i1 = 3.85 

(46) 

T n = 3ms for X, = 2 S„ = 3.5 
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These times are compatible with the fact that the ion tail mean energy is 
established in a time faster than 1 ms. 

It is also possible to compute the total absorbed power. Considering 
the following profiles 

( i 2 $ " n = "eo I ] " x J 

vU-« 2 ) r ' (47) 

Te^eoO-*2/6 

the total absorbed power can be expressed as 

PHF - PHF x V P x ri x 1 
where VD is the plasma volume, P. a profile factor P, = - .— for 

p 1 ^vw^s 
the HF power deposited to the ions and ">?the confinement efficiency as 
defined in Eq.34. 

»3 
With 1».= 7.10 , Tfn = Y i * 1 and assuming that •» varies slowly 

between 50 % and 30 % during the HF pulse, as indicated from fig.16, we 
obtain for PM- the values plotted in fig.21 where the experimental estimation 
of Pup at the beginning and at the end of the pulse are also plotted. 

The qualitative agreement is rather good even though we have assumed 
that u.is constant all along the radius. This is justified by the fact that 
the fast ions can well be created at a given radius of the plasma and then 
collisionally distribute their energy along their orbits. The discrepancy at 
the beginning of the HF pulse can be explained by the fact that the steady 
state is not yet reached. Once again the corresponding good quantitative 
agreement can very well be a coincidence due to the cancellation of some terms 
entering in Eq.(39). 
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4 - ELECTRON HEATING 

Electron heating by lower hybrid waves has been observed in many 
experiments : ATC/5/, Alcator A /12/, Octopole/40/, and in Uega. The signi
ficant heating which was observed In the Uega Tokamak was not expected since 
the launcher was centered at relatively low values of N,,. Only recently, the 
more complete theories on quasi-linear Landau damping /23/ may explain the 
observed heating. This comparison is the purpose of this section. 

In a first publication /29/, the electron temperature increase was 
considered to be not Inconsistent with a simultaneous increase in ohmic 
heating as deduced from the increase in loop voltage. However, Inclusion 
of the inductive effects on the loop voltage /6/ has given a much more 
correct, lower, value for the ohmic power increase, leading to the con
clusion that HF power was, in fact, coupled to the electrons. 

This chapter is divided into three parts, the first of which presents 
some previously unpublished data ta allow us to extend the range of our 
interpretation. The second section presents some features of the theory we 
have applied to estimate the power which can effectively be coupled to the 
plasma. The model used is that developed by Fisch /24/ and Karney and 
Fisch /41/ for the quasi-linear estimation of the current induced by a lower 
hybrid wave. The third section consists of the comparison between theory and 
experiment. 

4-1 - EXPERIMENTAL DATA ON ELECTRON HEATING 

The evolution of electron density and temperature during the HF is 
shown for a typical shot in fig.24, along with the time variation of the 
electron energy content. In fig.25 is sketched the power density coupled to 
the electrons at the center, as described in ref. /6/. Although this power 
is decuced in the same way as that coupled to the ions.it is subject to 
larger error bars (because the uncertainties 1n the electron temperature 
profile measurement lead to larger uncertainties in the current profile and 
its time derivative). 

http://ions.it
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Durlng the HF, the power density is obtained from the power balance, 
taking the electron losses to vary as predicted by Alcator scaling, which 
implicitly includes radiation losses. We have used the local values of 
density and temperature 1n these evaluations, even though strictly the 
scaling law applies only to global parameters. 

After 5 ms, sawteeth appear, in agreement with the occurrence of the 
zone q = 1 at the discharge center and the power balance was not established 

after this time. 

The difficulties described above in calculating the HF power to the 
electrons are avoided for the initial point, obtained from the change in the 
time derivative of the electron energy density upon application of the HF. 
The power thus deduced 1s Independent of Inductive effects and of the loss 
scaling laws. Accordingly, the error bars are much smaller than for the 
other points. 

Because of the large number of shots required for the determination 
of T by Thomson scattering with reasonable error bars , we have used one 
channel of our 4-channel soft X-ray analyser to deduce the temporal variation 
of T . The output of a given channel may be written as : 

S = C ( Z e f f ) n* T e
K (48) 

For the channel with an aluminium absorber thickness of 28u, K was exactly 
equal to 2 and C was only weakly dependent on Z . « , so that the output of 
this channel is proportional to the square of the electron energy density : 

S ~ ( n e T e ) 2 (49) 

This is shown on fig.24, where T deduced from this signal 1s plotted as a 
function of time, as well as the points from Thomson scattering. This agree
ment further corroborated by fig.26, which compares the temperatures deduced 
from re1at1on(49), from measurement by all four channels of the X-ray analyser, 
and from second harmonic electron cyclotron emission. 
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Finally, on fig. 27, the variation of electron energy content versus 
time is plotted for Thomson scattering data and for the 28 «.channel. We 
conclude that relation (49) is experimentally well verified. 

2 It should be noted that,because of the dependence on (n. T ) , the 
e e 

signal reflects the maximum value along the line of sight. This is illustra
ted by the radial scans shown on fig.28. Accordingly, we employ this X-ray 
channel, once calibrated at a given time against Thomson scattering, to 
follow the temporal evolution of the central electron energy density, as 
shown in fig.29, where the square root of the signal intensity is plotted for 
two different starting conditions : 

a) n e ( J = 3.8 x 10 1 3 cm"3, T f i 0 = 330 eV 

b) n e o = 2.9 x 10 1 3 cm"3, T e ( J = 570 eV 

At the beginning of the HF pulse, the data are well fitted by straight 
lines whose slopes give the HF power density transferred to the electrons. 
The deduced power is : 

a 3 3 
Pup = 0.26 W/cm and 0.57 W/cm respectively. 

Fig.30 shows the power density determined in this fashion as a function 
of the initial density at a constant applied HF power of 130 kW. The corres
ponding initial electron temperature is indicated for each point. P H | is 
seen to decrease monotonically with the starting density. 

Similarly, a linear dependence of p H® on the initial electron temperature 
is found. This is exhibited by fig.31. 

4.2 - RF POWER ABSORPTION THROUGH QUASI-LINEAR LANDAU DAMPING. 

The theory of RF absorption is very similar to that used for ion heating. 
The major difference is that it is the parallel component of the wave phase 
velocity that Interacts with the particles, rather than the perpendicular 
component, as was the case for the ions. We will present here some of the 
results of F1sch/24/ who used a one dimensional Fokker-Planck equation to 
estimate the RF current which can be given by lower hybrid waves. These 
estimates can, with some reserves, be applied to the bulk heating. 
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In the one dimensional model, the conclusions which have been 

confirmed by Fisch and Karney/41/ in two dimensions, the velocity distri

bution in the perpendicular direction 1s assumed unaffected by the wave 

and remains Maxwellian. The evolution of the space averaged velocity dis

tribution can thus be written as for the ions : 

^•^>f^r*bTÀ (so 
"Df where D , is the quasi-linear diffusion coefficient and (£z)c the Fokker-

Planck collision term. This equation has been solved with the assumption 
that the electrons consist of a non-evolving background Maxwellian popula
tion and of an evolving non-Maxwellian population. For the latter, self-
collisions are ignored in order to linearize Eq.SO . Because of this 
simplification, the solution of Eq.50 is valid only for the steady state 
when heat losses balance the heating by the wave. Thus the estimate of the 
power which can be transferred via the non-Maxwell ian population from the 
wave to the plasma will be valid, even though the heating process of the 
Maxwellian population is not described. 

Eq.50 can be normalized as for the ions : 

where : 

and : 

n i -fc»A «Oi,- v„ 
r*ya

t>~'0

 b e i n 9 «""J*1 t 0 T1 P » w = TT-
0 ° -ftr "I» ir^ v te 

Once again, the diffusion coefficient is non-zero only inside a 
velocity domain [w^, w 2 ] , in which the electrons interact with the wave, 
corresponding to the width of the wave spectrum. I f the wave amplitudes are 
large enough, the effect of the wave saturates. Therefore i t is possible in 
that case to assume the wave spectrum to be square-shaped with boundaries 
corresponding to w. and w„. 
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The steady state solution of Eq.51 is then maxwellian outside the 
interval [w, w.land f l a t in the resonant region. This is true for the 
solution of Eq.51 : 

f(w) = C exp l ^ (52) 

I 1 + 2w Wfai) 
(Z- being the ion charge state) 

if : 
wt D » w, - w, 

In the steady state, the power given by the wave to the resonant 
electrons of the plateau region balances the power given by these to the 
bulk population through collisions, This power is given by : 

e Z + Z i ^o ne Te 8el 
PHF = — L V L°9 e e xP " -T- («) 

where : 
w2 

- v«f//1 
- - W , 

I f we take : 

Log-A= 18 

•v0s3.9 10" 4 ne 
TJ3/2 (cm" 3, eV, sec) 

S can be written 
e 

in practical units as : 

8 e « 7.15 102 „ \ . . . 
e N / 7 T e 1 / z (eV) 

a n d pHF as : 

(54) 

b* r 3.«^e*"^îi L a i * . * * b ( - lî*l (M/™ 3, cm"3, eV) 
ft* j ^ 7 <• r\ < j ( 5 5 ) 
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It is obvious that equation (55) gives the power absorbed by the electrons 
only if the available HF power density Is at least as large, i.e. it gives 
the power absorbable by electrons from the wave. 

The characteristic time to reach the steady state was found to be 
analytically : ( - - , « « 

T* = ,V 1 (56) 
(Z+Zl) /2 

whereas, in fitting the numerical results, the following result was obtained 

Ç = 6 ( w2 - W l ) 1 / 2 w 2 ( 5 7 ) 

which can be expressed (see Eq.53) as : 

TD = 6<«e - l ) 1 / z s # V2 ( 5 8 ) 

We shall use these formulas to compare our experimental data with 
theory. 

We can estimate.the effect of particle trapping on plateau width by 
calculating the ratio of the trapping velocity to the parallel phase velo
city : 

V 
felV] 1 / 2 

[ m c w J 
(59) 

or, in practical units- : 

vtr .9 E 1 / 2 N// tr a 7 l n-Z II 
— »./ x IU -f -J/2 (kV/cm, GHz) (60) 

which, for £ • 2kV/cm, 3<N,,<8, varies from 0.3 to 0.5. 

Such a low value indicates that plateau widening is probably negligible. 
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4-3 COMPARISON BETWEEN EXPERIMENT AND THEORY 

We can use Eq. 53 to compare the central power coupled by the HF to the 
electron population with the experimental data. In the same way that has been 
done for the ions, we can separate the "plasma" parameters : n and T which 
are directly measured from the "wave" parameters :«c the plateau width and 
Sel , the phase velocity. 

Fig. 32 exhibits the evolution, as a function of the central electron 
temperature, of p„ F divided by the density squared. The experimental data are 
those already plotted in fig.30. Solid circles correspond to the initial change 
of slope of the energy density for different shots. Open circles correspond to 
the estimated HF.power coupled to the electrons during the HF pulse. 

The data corresponding to the initial change of slope range over more 
than two orders of magnitude and exhibit a very strong temperature dependence. 
They are well correlated with the solid curve of fig.32. In contrast, the four 

points in time during the HF pulse do not seem to bear the same relation to T . 

On the same figure are plotted theoretical curves corresponding to Eq.E3. 
This is easier than in the case of ion heating for two reasons. First, the HF 
electric field, which is difficult to estimate accurately in the plasma, does not 
appear in Eq. 53, since the theory shows saturation at very low values of the 
wave field. Second, as the electrons interact with the parallel wave spectrum 
(rather than with the perpendicular spectrum as was the case for ions) which is not 
strongly modified as the wave propagates into the plasma, we can approximate the wave 
spectrum in the plasma by that launched at the coupler. The major change in the 
parallel spectrum would come from damping of the wave leading to absorption of 
part of the spectrum along the wave path. This effect 1s not considered. The 
various curves of fig.32 represent different values of « and ?.. Good quanti
tative agreement between theory and the solid experimental curve at low tem
perature Is obtained for : 

«e*>Z and 84N..4 9 
and at high temperature for : 

2 £ « e * 4 and 6 . ^ 4 7 
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The "experimental" value of the wave parameter 

inferred from the .solid curve of fig.32 is plotted against T on fig.33, and 
exhibits a linear dependence on T f i except at the highest values. This departure 
from linearity nay be due to a lack of available HF power so that the theory 

e 3 
does not apply. As the linear dependence would predict prjp values of 4W/cm , 
and the applied HF power is less than lOOfcW, the total power could be absorbed in 
the inner third of the plasma radius. The power might thus well be insufficient. 

Because of the reasonable concordance between experimental and theoretical 
curves, we have attempted to exploit Eq.53 to obtain explicit wave parameters. 
Specifically, we have estimated the N., values from the "experimental" determina
tion of S^. 

Since there is a relationship between density and temperature as shown 
by fig.26 and between p!JF at the start of the HF and central density as shown 
in fig.30, Eq.53 can be considered as an experimental relation between S - and 
the plasma temperature ( or density) for a given value of <*, . Referring to the 
definition of $ , (Eq.53), we have thus a relationship between N,,, and T . This 
is shown 1n fig.34 where we have plotted these "experimental" N,,values against 
T assuming <* equal to 2. The error bars correspond mainly to the uncertainty 
in the determination of T . I t appears that N.,, stays almost constant at a value 
around 8, and is not very sensitive to the choice of o{_. For «L • 4, a change of 
less than 10 % results. 

We shall now return to fig.32 and consider the points obtained during the 
HF pulse, which were not well represented by the dotted curve,as a function of 
T g , we have been considering. For these points, the relation between n and T 
is different, because of heating by the HF, than for those points at the be
ginning of the HF, corresponding to ohmic power alone. When N.. is estimated for 
these points also from the experimental values of pjj.., a procedure which naturally 
takes into account the correlation between n and T., all of the points seem 
to follow the same T dependence , as shown on fig.34. 

I t 1s to be noted that : 

-The values of N,, range from 6 to 8. Since the electrons in the center of 
the plasma are heated by the RF, such high values of N^ have to propagate up to 
the plasma center.This remains to be explained. Similar experimental ebservations 
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have been made in Alcator /3/, /ll/. 

- one of the main parameter determining the HF heating seems to be the 
electron temperature. The plasma density, which directly relates to wave 
propagation seems to be less determinant. 

The edge of the N., spectrum, N.,,, can be compared to the N.. corres
ponding to the usual approximation of the central value of the N.. spectrum 
from the quasi-linear theory : 

„ constant ( 6 1 ) 

as indicated by the dotted curves of fig.34 drawn for two values of the 
constant of Eq.(61) : 6 and 7. 

I t is possible to use Eq.53 for computing the integral value of the HF 
power coupled to the electrons. However, the result is subject to doubt because 
the radial variation of S , is completely unknown. But i f we use a constant 
value for G , of 3.5 throughout the HF, we find a total HF power of few tens of 
kw using the same integral coefficients as for the ions. This value is consistent 
with the experimental value which ranges from 30 kW at the HF start to 70 kW 
at the maximum. 
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S- CONCLUSION 

The Lower Hybrid Heating data obtained on the Mega experiment have been 
reasonably well interpreted by using the ion stochastic heating and quasilinear 
Landau damping theories. In fact, the analysis of both theories is very similar. 
Stochastic heating of the ions is due to the wave-particle interaction in the 
perpendicular direction while Landau damping of the electrons is due to the 
wave-particle interaction in the parallel direction. 

Both interactions result in the creation of non-Maxwellian population 
which can be strongly coupled to the wave and slightly decoupled from the bulk 
population. Therefore, bulk heating occurs via collisions between the two 
populations. The main "plasma parameter" affecting the H.F, power coupled to 
the bulk ion population is thus the plasma density. For the electrons both 
electron temperature and density are important. Experimentally, the influence 
of plasma parameters has been found to be essential. 

More specifically it has been shown that : 

- the fast ion mean energy or "temperature" is well described by the 
theory. Up to now, all the available experimental data from many experiments 
fit rather well a linear dependence between the ion tail temperature and the 
H.F. power with the following empirical relationship : 

T 1 hsi 11.5 P H F (keV, MM) 
- the fact that the hot ion flux stays constant during the H.F. pulse 

is consistent with the theory if we suppose that the wave plasma interaction 
takes place close to the turning point. 

-the time behaviour of the H.F. power density coupled to the ions at the 
plasma center is well described by the theory. A linear dependence of the 
absorbed H.F. power density on the square of the density has been shown. 
A good fit with the theory Is found by taking the lower limit of the plateau, 
i.e., the higher value of the perpendicular index of refraction, as a constant. 
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- the total H.F. power coupled to the bulk is also well described by the 
theory with the hypothesis that the plateau width is constant along the 
plasma radius and by taking into account the efficiency of the fast ion 
confinement by the poloidal magnetic field. 

- the H.F. power coupled to the electrons at the start of the H.F., 
where the experimental data are more accurate, is rather well described by 
the theory over two order of magnitude in the plasma parameters. The order 
of magnitude of the H.F. power coupled to the electrons is correct i f we 
assume the upper limit of the plateau stays constant. 

- a rather good quantitative agreement between theoretical and experimental 
values can be obtained by adjusting the assumed values of the wave parameters. 
The values found in that way are not incompatible with the expected values 
given by the two loop launcher whose spectrum can only be roughly calculated. 

- there is a remarkable agreement between the N . values estimated from 
the experimental evaluations of the H.F. power coupled to the electrons and to 
the ions in the light of theoretical evaluations(cf. fig.23, fig.34). Although 
these values are close to those usually taken as approximations in quasi-linear 
electron Landau damping.the fact that they appear in the exponent necessitates 
that an evaluation of the H.F. power coupled to the electron population be 
performed using the complete model. 

In conclusion, the comparison between the Uega data and the theory gives 
not only a good qualitative agreement but also very often a good quantitative 
agreement even though the wave parameters of the experiment are not well docu
mented. I t 1s expected that better confirmations will result from the coming 
experiments both in the Wega facility and in other devices. 

I t should then be possible to perform a correct numerical simulation of 
the heating of a plasma by lower hybrid heating using, as physical processes, 
ion stochastic heating and electron Landau damping. I t should also be noted 
that heating of both electrons and ions can occur simultaneously and that a good 
heating efficiency necessitates a good confinement of the target plasma. 
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TABLE I 

Machine Parameters 

B T = 14.4 KG I = 50 kA a = 14.5 cm R = 72 cm Gaz : D 2 

f * 

H.F. Parameters 

500 MHz P H F 4 130 kW A t • 10 ms 

Typical plasma parameters 

"=„ an eo eo T 1 o e V Z e f f TE 

before H.F. 1.9 1 0 1 3 500 130 2.2 1.65 ms 

at the end 
of the H.F. 

3.5 1 0 1 3 600 220, 2.5 

I 



TABLE I I 

Wega I Wega I I A.T.C J.F.T.2 F.T.l Petula'I Petula I I 

R (cm) 72 72 92 90 60 72 72 

B (Tesla) 1.44 1.44 1.8 1.8 1 2.7 2.7 

Gaz D2 D2 H2 H2 H2 H2 H2 

n e o (X0 1 3 c m - 3 ) 2.5 2.4 2 1.8 1 5.4 3.5 

Z eff 2.5 2.2 3.5 3.5 2 2 2 

T io < k e v> 0.12 0.12 0.20 0.29 0.09 0.32 0.23 

Teo < k e V> 0.50 0.50 0.80 0.80 0.30 0.72 0.85 

f (GHz) 0.5 0.5 0.8 0.75 0.4 1.25 1.25 

PH.F. <kW> 75 135 150 125 60 420 350 

N.. (central) 3 3 3 5 3 3.4 6.4 

T i h (keV) 0.9 1.5 1.6 1.1 0.5 5.4 4 



TABLE I I I 

Wega I Wega II A.T.C. J.F.T.2. F.T.l. Petula I Petula II 

Z a* 14 14 12.2. 5.6 16 7.1 3.8 

0.153 0.153 0.104 0.048 0.025 0.08 0.041 

TP 6.6 6.6 5.7 3.9 6.8 4.7 4.1 

3 
TP 287 287 182 61 311 102 71 

N T p 600 600 380 460 475 365 490 

T i „ - 1 6.5 11.5 7 2.8 4.6 15.8 16.4 

n^lO^cm"3) 2 2 1.3 1.1 0.8 4.6 2.9 

E0(kV/cm) 1.5 2 1.3 1.6 1 3.5 7 

VZ 3 128 128 78.5 28.5 408 200 44 

K 0.45 0.45 0.43 0.47 1.31 1.94 0.62 

K,( = TP) 0.67 0.67 0.66 0.69 1.14 1.39 0.79 

Tjĵ  computed 
«1th K,» 0.67 

1 (keV) 
0.91 1.51 1.67 1.07 0.24 1.5 3.2 

! 
J 
i 



TABLE IV 

t • 42 ms t= 48 ms t= 52 ms 

n e o ( 1 0 1 3 c n f 3 } 2.3 3.1 4 

T i 0 <keV) 0.12 0.16 0.22 

T eo < k e V > 0.5 0.75 0.55 

Z ef f 2.2 3 2.4 

r/a(Turning Point) 0 0.25 0.45 

n e (T.P.)(10 1 3 cm' 3 ) 2.3 2.6 2.5 

T.(T.P.)(keV) 0.12 0.13 0.175 

Te(T.P.)(keV) 0.5 0.40 0.25 

n^T.PXlO 1 3 »)" 3 ) 1.9 1.8 2 

6.6 6.3 5.7 

286 256 188 

116 97 70 

K 0.41 0.38 0.37 

T l h with K » 0.41 
(keV) J l.S 1.7 1.6 

i 

! 



F I G U R E C A P T I O N S 

WEGA two loop coupling structure. 

Electron density at the turning point against electron temperature 
for different values of N... 

Electron density at the turning point and electron density profiles 
at different times versus toroidal magnetic field and plasma radius. 

Estimated parallel wave spectrum of the Wega launcher. 

Ion energy spectrum from perpendicular charge exchange analysis 
before and during the H.F. pulse. 

Stochastic threshold and N as a function of the radius for Mega 
parameters. 

Stochastic threshold at the turning point as a function of N,, for 
two ion temperatures for Mega parameters. 

Ion tail mean energies against incident H.F. power for different 
experiments. 

VJ e . 
Variation of the wave parameters : S^ = -— and K, = ^ — 

E ' vti c % . P . 
against K. = •*=-

o 
Experimental hot ion mean energies in various experiments against 
computed values with : Kj = E/E 0 = 0.67 and S^ • Vf/v t i =6-r p 

Time variation of hot ion fluxes at different energies. 

Radial variation of h(r/a) and of E b for the Mega case for different 
current profiles. 

Radial variation of the confined ion energy E(r,0) for different 
starting conditions. 



Fig 14 : Maximum energy of a fast ion created at r/a = 0.5 and 9*it{ s t i l l 
confined versus plasma current in the Uega case. 

Fig IS a: Iso-loss curves for the flattest current distribution in the 
Uega case ( I = 50 kA, 0 2 , T i h = 1.5 keV). 

Fig 15 b: Iso-loss curves for the most peaked current distribution in the 
Uega case ( I = 50 kA, D 2 > T i h = 1.5 keV). 

Fig 16 a: Iso-loss curves and ray tracing in Uega at the H.F. start. 

Fig 16 b: Iso-loss curves and ray tracing 1n Uega at the end of the H.F. 

Fig 17 : Radial variation of the confinement efficiency n for different 
current profiles in Uega 

Fig 18 : Time evolution of the H.F.power density coupled to the ions and 
of the central 1on temperature. 

Fig 19 : Computed N for different values of M., against radius for the 
following conditions. 
a) At the H.F. start : n „ = 1.95 1013cnf 3 , T „ = 495 eV, T.. = 130 eV. ' eo eo io 

b) In the middle of the H.F. : ng 0= 3.1 10 1 3 cm"3, T e Q = 750 eV 
T l 0 = 180 eV. 

c) At the end of the H.F. : n g 0 = 4.2 1 0 1 3 , T e Q = 610 eV 
T i Q = 220 eV. 

Fig 20 : H.F. power density coupled to the ions against central Ion density 
squared. 

Fig 21 : Computed values of the power density coupled to the ions against 
experimental values for different values of the wave parameter 

2 

JJI . (^ - 1) exp ( - ^ i ) 

Fig 22 a: S n * Xf /v t 1 against « i « v ^ / v ^ for^» 7 10 

Fig 22 b: Time variation of N^and^. j forc(1 • 2 and 4 



Fig 23 : Time variation of the experimental and the computed values of 
the global H.F. power coupled to the ions. 

Fig 24 : Time variation of the central electron temperature, of the central 
energy content and of the average electron density from Thomson scat
tering data, from soft X ray analysis and from microwave Interferometer. 

Fig 25 : Time variation of the estimated H.F. power density coupled to the 
electrons. 

Fig 26 : Central electron temperature against central electron density from 
three different techniques. 

Fig 27 : Central electron energy content against H.F. power estimated from 
two different techniques. 

Fig 28 : Radial variation of the soft X ray signal (28». channel). 

Fig 2g : Time variation of the square root of the soft X ray signal (28M. 
channel)for two different starting conditions. 

Fig 30 : H.F. power density coupled to the electrons against central 
electron density at the start of the H.F. (open circles) and during 
the H.F. (solid circles). 

Fig 31 : H.F. power density coupled to the electrons against central electron 
temperature. 

Fig 32 : Variation of the power density coupled to the electrons divided 
by the electron density squared against T . Dotted curves correspond 

P o e to the theoretical estimate of Pup/n' for different set of the 
wave parameters. 

Ce 2 

Fig 33 : Wave parameter Log* x exp(-^y-) against Tg corresponding to the 
solid curve of fig.32. 

Fig 34 : "Experimental" values of N., against T . Dotted curves correspond 
to the usual approximation of the quasi-linear electron Landau 
Damping. 
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